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ABSTRACT 
•       The effects of botfv a circular and tapered trailing*edge geomet- 
ries on the velocity field and turbulence structure in the near-wake 
of a simulated gas turbine type blade geometry are examined using both 
hydrogen bubble flow visualization and hot-wiijp anemometry j|easure- 
ments.    With a circular trailing edge and Re[_=7.6xl05,  the flow de- 
taches in an. incipient separation zone at 93.6°<e<99°,' generating a 
separation bubble which extends to 1.5<X<3 downstream.    From detailed 
studies of the flow b&havjor in the near-wake separation bubble-re- 
gion, .a model for flow behavior within the separation bubble is devel- 
oped; the ramifications of the model on surface heat transfer are 
demonstrated by. comparisxm with an independent study conducted at UTRC, 
,  The'wake flow behavior behind the circular trailing edge is very 
Sfstrongly dominated by Strouhal vortex sheading with St=0.21.    The vis-, 
ualization results indicate that, the turbulent structures entering 
the wake from the separating turbulent boundary layers are strongly 
affected"by vortex stretching effects generated by like-rotation 
Strouhal  vortices.    This results,an the development of an intense mix- 
ing process within a short distance fr.om the trailing edge and, is sug- 
gested as providing a substantial  contribution to the high turbulence 
intensity levels encountered in the turbulent wake of this and similar 
bluff bodfes.    This rapid slretching-mixing interaction is also sug- 
gested as the stimulus for an observed rapid lateral  spreading of 
.the wake.- This elevated mixing process causes the wake defect velo- 
city to recover very quickly, such that the wake centerline velocity 
• v 
^reaches over 80% of the freestream^velocity approximately ten boundary 
- ' V      ^      ■'        ■   „,., 
layer thicknesses downstream of the trailing edge. 
-1- . 
P 
A second study was done wi.th a tapered trailing edge geometry 
which yields a nonoscillating "smooth" merging of the "two shear layers. 
Tests were conducted for 1^=8.2xl05 which is slightly higher than 
for the circular trailing edge case. The outward spreading of the 
wake is observed to occur quite slowly, with the mixing process essen- 
tially limited to interactions at the interface between the two separ- 
ated shear layers. A significant finding of this study is that the 
mixing process and the relaxation of the centerline velocity profile ■;.' 
demonstrate behavior very similar to thdse of a turbulent boundary 
layer. Both hot film anemometry measurements and flow visualization 
results indicate that froth  velocity behavior and turbulence structure 
vary with X in a ma aTmer strikingly similar to the way the corre- 
sponding flow characteristics change with Y within a turbulent b 
dary layer. From the hot-film measurements, two separate regions'^an 
be distinguished along the wake centerline: 1) a linear growth region 
which extends 0<X <100, wherein centerline velocity varies<as Un■-- 
0.08X +1.24, and 2) logarithmic growth region for X >270, Wherein 
Ug'=2.635LnX+-l.75. The similarity between these empirically derived 
relationships and the well accepted empirical relations for the flow 
regions of a turbulent boundary layer suggest .the potential for coN 
lapsing these empirical relationships to a single set of equations, 
+  + 
It is shown that a simple linear relationship of the form Y =KX 
appears to do a reasonable job of collapsing velocity behavior both 
^in^a turbulent boundary layer and along a wake centerline to a uni- 
fied set of empirical relationships. ■ 
i 
-2- 
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CHAPTER 1 
A • INTRODUCTION 
1.1     GENERAL 
t 
The determination of the turbulent structure of the near- 
wake generated by a turbine blade-type body in a uniform stream, 
although important, has not received as much attention as flow 
far downstream of the body.    An understanding of the complicated 
flow characteristies which occur immediately behind an aiVfoil  or 
a turbine blade has significant importance both in turbomachinery. 
applications as well as for-the aircraft industry.    The trailing 
edge geometry of these airfoils has a pronounced effect on airfoil 
performance, particularly with regard to base and static pressure, 
and separation behavior. 
Therefore, a knowledge of flow behavior in the vieffoity of a 
trailing edge and the effects of trailing edge geometry on the 
flow field becomes of great interest/forjdesign purposes.    Further- 
more, the study of flow characteristics affected by a sudden 
change at the boundary (i.e. the disappearance of the wall) gains 
significant importance as one approaches the point of separation 
from the plate.    This introduction reviews previous investigations 
carried out to study the flow"structure in the near-Wake.    There- 
after, the motivation and the objectives of the present study are 
9- 
discussed. ■ •        *   '    ; ^ 
*) 
1.2 LAMINAR FLOW  " 
One of the -fundamental  problems in fluid mechanics is the 
study of steady, laminar, two-dimensional  flow behind a flat plate 
in a uniform, parallel stream.    However, at higher; Reynolds numbers 
the disturbances in the wake are amplified and it is experimentally 
difficult to maintain a laminar flow.    Hollingdale (1940) and 
*Teneda (1956) failed to maintain a completely laminar wake for a 
plate, Reynolds number range of Re[_ = 600 to 700- and reported an 
unstable wake.    A wake instability was' also observed in the inves- 
tigations of Sato & Kuriki  (1961) and Mattingly & Criminale (1972). 
In general, most of the above experiments "employed mean velocity 
measurements in the near-wake of flat plates with both sharp lead- 
ing and trailing.edge. 
Analytical  investigations of the trailing edge region started 
with Goldstein (1930), who examined the steady flow problem in 
the laminar i^ke~of a flat plate.    Goldstein argued that on the 
plate the Blasius velocity profile which satisfies the no-slip 
conditions  is the appropriate solution, and immediately downstream 
of the trailing Wlge the boundary conditions change to a wake 
symmetry condition fi.e.  if X>0, then v=0, and du/dy=0 @*y«?=0). 
The Goldstein near-wake solution predicts the velocity in the" 
region near the trailing edge;  some of the results are presented, 
(Goldstein 1930)  as profiles of mean velocity versus distance from 
y 
the center-line.    The calculation at various downstream stations 
between 0.0<x/l<U372 showed very little change in the outer por- ' 
tion of the laminar wake.    However, the region 0.0<5(y(lL/v,)2<0.5 
demonstrated a very slow growth of the inner wake.    The experimen- 
tal verification of these results was first provided by Fage & 
Falkener.    The.comparison presented in an appendix in Goldstein 
(1933) show good agreement between the analytical and experimental 
data.    Later, thir measurements of Grove, Petersen and Acrivos (1964) 
provided further verification -of the Goldstein solutions. 
The basic problem with the Goldstein solution is that it has 
an inherent singularity at X=0.    To improve upon these results, 
further work was carried out.    An experimental  investigation of 
Nishioka & Miyagi   (1977)-suggests two major points.    First, a velo- 
city overshoot in the outer part of the shear layer which is# 3% 
greater than the unifoHpi flow in the vicinity of the trailing edge. 
Second, close to the trailing edge the relation between UQ/U   and 
x/1  is independent of Reynolds numbers, with Uq/U0 appearing to 
be proportional to (x/l)'2 rather than (x/1)'3 whidi the Goldstein 
<# • . 
solution suggests.    More  recently several  investigators have 
attempted to improve upon the analytical  Goldstein results.    An 
intermediate region commonly referred to as the  "triple deck" was 
independently conceived of Stewartson  (1968) and Messiteif (1970) 
to link the upstream'Blasius boundary layer and the Goldstein 
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near wake regions.    The triple deck*equations were subsequently 
solved independently by Jobe & Burggraf (1974), and Melnik & Chow 
(1975).    The results obtained for drag coefficients in the above 
investigations using the triple deck equations were within 42? of   ; 
the Navier-Stokes numerical solution of Dennis & Chang (1969). 
Furthermore", the triple deck results closely correspond to the 
experimental values of Janour (195.1) who measured the drag on the 
finite flat plate in a laminar flow up to pJate Reynolds numbers 
.■..-'' 
in excess of 2000. 
1.3    TURBULENT FLOW     " 
For most of the practical applications of flow past a stream- 
lined body, the flow is turbulent, displaying characteristics quite 
different from those.of the laminar wake.    The first investigations 
of turbulent trailing edge flows were conducted by .the aircraft 
industry.    These early studies generally employed symmetrical air- 
foils for examination of time-mean quantities and did not suggest 
any physical structure of the turbulent near wake.    The primary 
measurements taken during these studies were mean velocity, base 
pressure,  and coefficients of jdrag; the results were employed to 
verify and improve the existing theories for calculation of lift 
coefficients. • 
One observation* which could be made from these results was 
that the boundary layer parameters  (o*,  6, n)  show a qualitative 
similarity with those of the laminar wake.    For example, at the 
trailing edge the displacement thickness decreases abruptly, a 
phenomenon which also occurs in the laminar wake.    The preliminary 
work for the above observation was carried out by Silverstein et 
&.  (1938), Preston & Sweeting (1943) and Preston et al.  (1945). 
They each used different airfoils and investigated the relation- 
ship between boundary layer and wake characteristics.    In the case 
of asymmetric flow behind a two-dimensional cascade of blades, 
Lieblein and Roudebush (1956) observed that a major p-art of the 
mixing loss and changes in the wake occur within x/l=l/4 to 1/2 
isbehind the trailing edge. 
,   More recent work on flow past airfoils involves" attempts to 
predict the flow field analytically, using a turbulence model. 
McDevitt, Levy, and Deiwert (1976) and Levy (1978) are a few 
investigators who have studied the steady and unsteady transonic 
flow field about a thick airfoil.    The two studies are similar, 
the only difference is in the turbulence models they used.    In 
the study by Levy  (1978J, skin-friction and pressure distributions 
were measured for an 18% th-ick circular arc airfoil  at Mach num- 
bers of 0.720, 0.754 and 0.783 and a chord Reynolds number of 
llxlO6.    These results were then compared with the results of a 
numerical  solution of.the two-dimensional,  compressible Navier- 
Stokes equations.    For the Mach numbers tested, the experiment 
indicated a sudden decrease in values of Cp and Cf, as a result 
of boundary layer Reparation.    The theoretical results failed tD 
predict these sudden decreases, even though they indicated a 
similar trend. K 
Hurley et al.  (1975) studied flow around a DSMA 523   super- 
critical airfoil which was tripped at the leading edge (x/l=0), 
with a blunt trailing edge of 11 of the chord thickness.    For 
M=0.83 and ReL=3.|0xl06 they established a series of vector velocity 
profiles in the near\/ake of an asymmetric airfoil.    From the down- 
stream development or~These profiles it can be observed that the 
•\ 
gradients in speed^and the inclination angle smooth quite rapidly, 
such that at x/l=1.5 the flqw is nearly parallel. For an asym-  w 
metric wake, the work of Raj and Lakshminarayana (1973) is one 
of the most comprehensive. This investigation measured the asym- 
metric behavior of the wake to almost 3/4 chord length downstream. 
Furthermore, the variation of H (the shape factor) in their measure- 
ments. appeared to be H*i_ajgf eement with that of a flat plate or a 
symmetric airfoil. The authors report that the maximum turbulence 
intensity jn the streamwise direction occurred at y/l=0.0 and 
ranged from 23 percent at ,*/.]=0.0 and to 9 percent at x/l=0.72. 
DSMA 523 is a standard airfoil, and the specific dimensions 
,, are given by Hurley et al. (1975). *± "^ 
* 
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Lawaczeck and Heineraann (1975) examined the wake flow behind 
caspades-and isolated turbine blades over a wide range of down- 
stream velocities (0.3<M<1.3). They observed that for transonic 
downstream velocities a Von Karman vortex street exists behind 
the cascades of both flat plates and turbine blades, they did not 
detect the Von Karman vortices when the downstream Mach number was 
supersonic. The frequencies of the observed Von Karman vortices 
were estimated using Senlieren ^techniques, with the corresponding 
Strouhalplumber ranging from*$t=0.1 to 0.25, which is comparable 
to the Strouhal number range for a circular cylinder in an incom- 
pressible flow,. For the different relative trailing edge thick- 
nesses which they examined, the Von Karman street was observed   .^^ 
regardless of the geometry of the blade used. This work was laxer 
continued by Heinemann and Butefisch (1978), who employed an 
electronic-optical method instead of Schlie,ren photography to 
determine the vartex shedding of a cascade of turbine blades and 
of an isolated blade or flat plate at Reynolds numbers of Re|_ = 
O.&IO1* to 1.6xl05. Their findings confirmed the existance of 
Von Karman vortex shedding and the results obtained by Lawaczech 
and Heinemann (1975). 
\ 
S. 
-9- \j ■ 
■/ 
1.4 THEORETICAL INVESTIGATIONS OF A TURBULENT FLAT PLATE WAKE 
The theoretical description of the turbulent trailing edge 
problem is somewhat less complete than the laminar case. Lack of 
appropriate turbulence models has encouraged many investigators 
to attempt modeling of the.turbulent wake of fl£t plates rather 
than airfoils, with most of the analysis done ^for sharp trailing 
edge flows. Analytical studies of the turbulent wake of blunt 
trailing edges are almost nonexistent. Toyoda & Hirayama (1974> 
and Agrawal et al. (1977) used the Richardt inductive model of free 
turbulence to predict the mean flow for the incompressible wake. » 
Toyoda & Hirayama (1974), concluded that in the center of^e wake 
a free turbulent flow begins at X-0. Values of momentum transfer 
are constant along the center-line, and the velocityodefect dis- 
tribution bfcomes similar at X>31.3. In this analysis (u1)2 and 
(2u'u) are neglected as compared to-'u in the -t momentum equation. 
Earlier arguments by Bradshaw & Ferrissf (1965) suggested 
that the shear stress is closely related to the turbulent kinetic 
energy rather than to the mean velocity profile, Reynolds number, 
and the pressure gradient. Bradshaw et al. (1967) converted the 
turbulent energy equation into a differential equation for the 
turbulent shear stress by defining three empirical functions. The 
new differential equation which relates turbulent intensity, dif- 
fusion, and dissipation to the shear stress profile, together with. 
«* 
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the mean momentum and continuity equations, ffiis solved using a 
step-by-step numerical  technique.    This work became the basis for 
predicting the turbulent near-wake of a flat plate, and is known y> 
as the turbulent energy equation model/   This analysis was used 
in the studies of Bradshaw (1970), Lee & Harsha (1970)* Lee & 
Auiler (1970) and Huffman & Ng (1976, 1978)(£0 predict the mean 
velocity and shear stress profiles of near-wake flows.    Generally,    ^ 
the results were compared with the Chevary and Kovasznay.(1969) 
data which was obtained for the wake of a thin flat plate with a 
tapered trailing edge.    Basically, the calculated results were 
better matched with the experimental data for the .inner layer of 
the near wake than that for the outer layer.    Some belieyers in 
this method argue that further refinement in empirical functions 
based on reliable experimental data can increase the accuracy.of 
the calculations. 
Alber (1980)  divided the turbulent near wake of a thin flat 
plate into laminar and turbulent pqrti-orts.    The first region, the 
laminar inner wake, which resulted from growth of the initial sub- 
layer, extended ten initial  subfayer thicknesses downstream. 
Alber (1980) assumed a linear relationship based on both the usual 
law-of-wall  scaling and an assumption of negligible shear stress 
in this region.    He concluded that for short distances just down- 
< . * 
stream of the trailing edge the Goldstein solution of the inner 
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laminar wake was applicable. He then divided the second region, 
the turbulent portion, into an inner and outer wake. The turbulent 
inner\wake extended ten full boundary layer .thicknesses downstream 
of the Virst region. Alber employed an upstream length scale 
characteristic of V/UT, and to obtain closure he assumed that, the 
turbulent/inner .wake behaves .the.same as the logarithmic layer 
of the boundary layer. He also suggested a logarithmic expression 
for the center-line velocity, which represents the experimental 
data of Chevray and Kovasznay (1969) very well. 
To the list of discussed analytical models one can add the 
numerical works of Viswanath et al. (1980), and Washiewicz et al. 
(1980). The first group employed two different turbulence models 
to solve the boundary layer and Navier-Stokes equations for the 
turbulent subsonic near wake; the second group used a relaxation 
eddy viscosity model to obtain closure. The numerical .results 
demonstrated good agreement with the experimental data. Viswamath 
et al. (1980) compared their results with experimental data which 
they obtained from the wake of a flat plate with a tapered trailing 
edge, both for zero and 6.25 degree angles of attack. The results 
of the analytical solution showed close agreement with the experi- 
mental values of the mean velocity profiles. However, for the 
flat plate, the computed turbulent kinetic energy and shear stress 
profiles demonstrated lower values near the center-line than were 
actually measured. 
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1.5    EXPERIMENTAL INVESTIGATIONS OF A TURBULENT FLAT PLATE WAKE 
Understanding the physics and analytical modeling of a flow 
phenomenon is an iterative process which passes from experimental 
findings to mathematical formulation and vice versa.    As was men- 
tioned above, for experiments as well as for analytical investiga- 
tions, it fs necessary to solve the simpler problem first.* In this 
regard, experimental work carried out for the incompressible, tur- 
bulent wake of a thin flat plate with zero angle of attack, can 
clarify some of the underlying physics of near-wake flow.    A list 
of some of the experiments which address this task include Pol( 
(1979), El-Assar & Page (1969), Toyoda & Hirayama (1974), Leuchter 
(1976), Agrawal et al.  (1977), and Viswanath et al.  (T980).    The 
results of these studies are generally comparable with the experi- 
ments which are discussed below. 
One of the experimental-Xhvestigations most commonly referenced 
is that by Chevray and Kovasznay (1969).    The measurements were 
conducted in a wind tunnel utilizing a single-element constant 
temperature hot-wire anemometer which was rotated slowly through ...^ 
>an angle of ±80°.'   The results suggest that:  1) no detectable 
periodicityawas present in the wake, 2) the wake developed very 
slowly, and 3)  the fluctuating components of velocity reached their 
maximum value in the region of maximum shear stress.    The momentum 
thickness at the trailing edge was used as a relative scale to 
\ -13- 
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non-dimensionalize the data.    However, the slow evolution of the 
wake suggests that the momentum thickness can not be.a relevant 
scale for the inner layer of near-wake.    Andreopoulos  (1979) sug- 
gested that the inner part of the near wake should scale on the 
inner boundary layer parameter.    He used- friction velocity and 
-inner wall scaling to obtain a logarithmic fit for center-line 
velocity.    This work, which is one of the most complete studies 
of the near-wake flow, details measurements; of mean and fluctuating 
velocity components, double, triple and quadruple products of Rey- 
nolds stresses, and temperature interim'ttency at various sta- 
tions in the symmetric and asymmetric wake of a flat plate.    The   „ 
plate was tapered to a total included angle of 3.5°, and had a 
0.1 mm thick trailing edge (Andreopoulos, Thesis 1978). 
Some of the results later appeared in Andreopoulos and 
Bradshaw (1980).    The flow on one side of the plate was heated 
using hichrome wir%s a few millimeters from the surface near the 
leading edge.    In order to maintain symmetry, dummy wires were 
used on the other side of the plate.^, The heating provided three 
layers at the trailing edge: hot  (the heated side), cold (the 
unheated side), and warm (the mixed region).    Andreopoulos'   findings 
show that the outer portion of the wake  (fully cold', or hot regions) 
were virtually unaffected by the disappearance of the trailing 
edge, except at their boundaries with the  inner wake region.    The 
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instantaneous boundaries of the inner wake were sinuous, with 
the mixing region confined between these boundaries.    According 
to tWe authors, these measurements suggest a three-layer model 
for f)low structure (i.e. a layer of mixed fluid sandwiched bet- 
's^. ' 
ween two layers of unmjxed fluid).    A conditional sampling>of 
the temperature on the centerline revealed that the prob^jJ4<t3T 
of the fluid being either fully hot or fully cold was 0.14.    The 
limits of the inner layer were, defined by measuring and plotting 
the temperature intermittency (y)» which revealed the,downstream 
spreading of the inner wake.    Moreover, by nondimensionalizing 
y based on the local inner wake width, 5-, the intermittency pro- 
files demonstrated a geometrical similarity in the form of an 
error function.    These measurements further emphasized how slowly 
the wake evolves, which is consistent with previous results. 
Andreopoulos and Bradshaw concluded that the initial boundary 
layer is unchanged and that significant changes in the unmixed 
fluid are confined only to the intermittent region, that is, 
between the bsoundaries of the  'mixed'  and  'unmixed'  fluid. 
In another extensive investigation Ramaprian,  Patel, and 
Sastry (1981) made detailed measurements of mean flow and turbu- 
lence in the "developing" wake of a streamlined body.    A flat 
plate was used for the symmetric wake studies, following which 
one side of the plate was covered with sand paper, to create an 
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asymmetric wake.    Furthermore', a Korn-Garabedian airfoil was 
used for a more inclined flow, as well as to create a significant 
profile asymmetry.    The measurements for,the symmetric turbulent 
wake were later published in Ramaprian et al.   (1982).    This 
9 
paper is primarily concerned with providing a clear picture of - 
the various stages of the wake develWflents.    For the wake of 
a sharp trailing edge three stages areVsuggested.    First, a 
near wake 0<x/e-i<25 in which the centerline and the velocity dis- 
tribution can be represented using the suggestions of Alber (1980), 
Second, an "intermediate" region 25<x/e,<350,   which the authors 
believe develops as a free turbulent flow.    Third, a region 
x/e-|>350 called an asymptotic wake in which the wake behavior is 
not af/ected by the initial, conditions at the trailing edge. 
This region is known as th^ classical far-wake. 
Moreover, Ramaprian,et al.  (1982), consistent with previous 
studies, measured a logarithmic growth of the centerline velocity 
which represented the logarithmic correlation suggested by Alber 
(1980)  very well.    However, the values of k and B had to be 
modified from k=0.41  to 0.418, and B=5.0to 5.5.    They presented 
turbulence intensity profiles in the wake (u rms,  v rms-, and u' v1) 
obtained with both a single element and X-wire probes,which, were 
consistent with previously discussed measurements. 
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While the above investigations are fine pieces of research, 
this author believes that probe measurements alone are not suffi- 
cient to allow understanding of the underlying physics of the 
near wake flow. Naturally, each study can contribute to an"over- 
all understanding. The next section is a synopsis of the cumula- 
tive knowledge for the wake behavior immediately behind a flat 
plate. 
1.6 OVERVIEW 
The experimental  studies discussed above cover a wide 
variety of test sections and flow conditions.    However, a careful 
evaluation of these results provides a general picture of the 
turbulent near-wake.    Naturally, some areas of this picture 
will be well defined, but further work is needed to fill in,the 
remainder of the picture. 
The data is consistent for a symmetric flat plate with a 
J 
stiarp trailing edge.    These data reveal that the inner wake 
develops rapidly, while the logarithmic region of the boundary 
l'ayer evolves slowly to a wake-like flow almost 30 initial momen- 
-^um thicknesses downstream.    The momentum exchange is constant 
in the wake (no change in pressure in the X direction), and the 
value of the shape factor drops rather sharply just after separ- 
1
   ation, followed by a decrease to its  limit of self-preservation 
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at 300 intlial momentum thicknesses downstream. However, certain 
information is lacking in the existing results, for example: 1) a 
consistency of a relative scale for the near wake, 2) a consistent 
means of defining the inner and outer wake, 3)-the degree of 
periodic behavior in the wake, and 4) the consequence of the vis- 
it 
cous sublayer on the wake behavior immediately downstream of the 
trailing edge. 
There is essentially no detailed experimental work for flow 
behind a flat plate with a.blunt trailing edge. The existing 
data indicates the presence of vortex shedding, with the frequency 
of shedding for the flat plate consistent with.that of a cylinder. 
This shedding also appears to cause a very rapid evolution of the 
wake. It is known, however, that the blunt trailing edge causes 
the flow to separate and therefore a region of reverse flow 
exists just behind the plate. The properties of the flow in this 
region are unknown. 
1.7 PRESENT STUDY 
At present there appears to be very  little visualization 
work for.flow in the wake of a flat plate. Granted, visualization 
techniques only provide quantitative data, but it is essential 
to actually observe what happens as flow leaves the boundary 
in order* to properly interpret probe results. Visualization 
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techniques facilitate overall  investigation of entire flow 
field^yeven in the region where the flow separates or recircu- 
lates.    Since visual data can not generally be used to effectively 
determine the quantitative flow characteristics, an alternative 
flow measurement technique is required to compliment the visual- 
ization results. 
The present study investigates the flow behavior in the near- 
wake for two different trailing edge geometries.    The hydrogen 
bubble technique is used to visualize the boundary layer modifica- 
tion and mixing process for approximately ten boundary layer 
thicknesses downstream of the plate.    Moreover, hot film anemometry 
is used to determine the mean velocity and turbulence intensity 
profiles at various locations in the near-wake to allow improved 
understanding and interpretation of the visualization data,and 
vice versa. C, 
Briefly, the research objectives of the present study are 
to use combined visualization and hot film anemometry flow mea- 
surements to:        / 
1) establish a general   understanding of the physics and 
dominant scales of turbulent near-wakes 
2) examine the dominant mixing process or processes 
behind two extremes of trailing edge geometry 
3) correlate the obtained results foe 1) and 2) with 
previous  investigations of near-wajke flow behind 
flat plates. ' 
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3 CHAPTER 2 
EXPERIMENTAL ARRANGEMENT  , 
2.1 FLOW FACILITIES ■ ,        9       ' 
The experiments were conducted in the Lehigh University free- 
surface plexiglass*water channel. Figure 2.1 is a schematic of 
the flow facility. The working section of the channel is 5m 
long, 0.9m wide, and 0.3m deep. The water depth for the present 
studies was maintained at 0.25m at all times. A five horsepower 
axial flow pump provides stable flow speeds from 0.01 m/s to 
0.5 m/s. Utilizing combinations of a flow straightener and two 
layers of screen at the mouth of a 5:1 inlet contraction, a turbu- 
lence intensity of maximum 0.5 percent was measured at an operating 
velocity of 29 cm/s. A spanwise flow uniformity of ±2 percent was 
also "obtained. 
One of the very useful features of the flow channel is an 
overhead traverse platform. This is also shown in figure 2.1, and 
is used to mount and tow the measuring equipment in the streamwise 
direction. A one horsepower reversible Reliance Electric variable 
spied drive motor connected through a steel cable drive system 
' can move the platform at uniform velocities in a.range from 0.1 m/s 
to 0.5 m/s. The platform can be operated in either a continuous 
or intermittent mode, with two automatic trip switches preventing 
the platform from exceeding the length of the platform support 
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"-vFJgure 2,1    Side-view Schematic of Water Channel  Flow Facility 
rods during operation.    More information on the flow facilities 
and traverse mechanism is presented in Metzler (1980). 
2.2    TEST SECTIONS 
vjwo/tlifferent flat plate test sections were used in the~pres- 
enf study.    Each plate was constructed af plexiglass to allow 
appropriate oblique lightingfor the hydrogen bubble visualization 
studies, as\described in section 2->4.    Each plate was mounted ver- 
tically in the\ater channel  using overhead support rods.    A series 
of preliminary experjjnents were conducted using a 0.91m long, 0.3m 
wide and 1.27 cm thick plate.    The leading edge was machined to a 
5tl elliptical contour, with a cylindrical trailing edge.    Several 
visualization studies were done employing different hydrogen bubble 
wire placements, orientations, and plate boundary layer conditions. 
Data were obtained for both laminar and turbulent boundary layers 
at a free stream velocity of UQ = 28.3 cm/sec (Re.   = 3xl05).    These 
results are presented in Appendix A. 
As mentioned in the introduction, the objective of the present 
s£udy was to examine the flow characteristics in the wake of a 
flat plate geometry with characteristics comparable to those 
experienced with a gas turbine type blade.    Generally, the modeled 
test section should have a plate Reynolds number of the order of 
(IxlO6)  or higher and a boundary layer to plate thickness  ratio 
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of 1/2.    There were two limitations to achieve this dynamic simil- 
arity with the original plate.    First, the mean velocity in the 
water channel was limited to an operable upper range of 0.4 m/s. 
Second, any decrease in water viscosity would require heating 
the flow.    If the water was heated significantly, the plexiglass 
channel  could warp.    Therefore, a plate was designed which would 
closely      yield       the        desired physical characteristics. 
The second plate, shown in figure 2.2, was constructed of 
three separable pieces all made of plexiglass.    The total assembled 
length of the plate was 2.44m long, 0.3m wide and 10 C^TI thick. 
The leading edge was a 5:1 half-ellipse contour.    This surface^ 
and all of the other contours were machined with a specially 
developed cutting'too! which employed a template follower to allow   . 
cutting of each contour in one operation.    A sandwich pi ate,was 
the central part of the test section.    Sheets of 0.625 cm^feick 
plexiglass were used for the side walls.    To stiffen the side 
walls, six perpendicular bulkhead plates, 8.90 cm by 1.27 cm, 
were located 0.3m apart.    Eight holes were drilled and tapped in 
each of the end support plates of this section to provide for 
attachment of the leading and trailing edges tff the plate assembly. 
The trailing edge configurations employed with the test 
plate are shown  in figure 2.3.    The cylindrical  trailing edge, was 
fabricated from a plexiglass block, created^by gluirvg pieces of 
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Figure 2.2 Schematic representation of the test plate with the round trailing 
edge in place.   . 
J 
Figure 2.6    Schematic diaqram of the two trailing edae geometries 
a) Circular (D=10 cm), b)Taoered(total  included 
angle 9°) 
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2\5J cm thickness into a sandwich arrangement. This block was 
then machined to the desired shape. Extra care was needed to 
avoid creating any spurious disturbances due to trailing edge 
irregularities. Such disturbances could be caused by a gap, a 
step, or any other surface irregularity. Therefore, this section 
was machined such that the junction point of the trailing assembly 
was located 25.4 cm upstream of the beginning of the cylindrical 
trailing edge's curvature. In this way, a continuous, smooth 
surface in the vicinity of the separation region was maintained. 
Support plates 8.90 cm wide, 0.3m long, and 1.27 cm thick 
provided the attachment surface between the central piece and 
the end pieces. *These plates had the same design as the support 
plates of the central piece except the holes were clearance holes 
ai»d not tapped. To provide a mated fit] the walls., of the sandwich 
plate extended 0.625 cm beyond the interface plates. To accept 
this extension, the walls of the end pieces were correspondingly 
recessed 0.625 cm on either side. The three sections were assem- 
bled using 0.25-20 stainless steel bolts. All joints were sanded 
and filled with paraffin wax to insure flatness and eliminate any 
cavity effects. 
Tests were also done with a sharp trailing edge with a uni- 
form taper of 8 degrees, as shown in figure 2.3b. Since plexiglass 
was used, the edge was tapered to 0.79 mm and terminated since 
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machining to a thinner thickness would have introduced machining 
irregularities. Moreover, a thinner tip thickness would be very 
likely to either crack or chip. This sharp trailTng edge section 
was constructed such that the juncture end was identical to, and . 
thus interchangeable with, the round trailing edge. The wall 
taper of the sharp trailing edge was initiated 4.45 cm downstream 
of the juncture with the central section; the corners where the 
taper initiated were rounded to avoid flow separation effects-. 
The dye injection at these locations confirmed flow attachment.' 
The four degree taper per side used in the present work is 
comparable with the previous, investigations carried out for flow 
over a flat plate with a sharp trailing edge, (references [17], 
[5], and [58]). This choice of angler-combined with the fact 
4:hat only the trailing edge sections were interchangeable, resulted 
in the sharp trailing edge assembly being 35 cm longer than the 
cylindrical trailing edge assembly. Nevertheless, the measure- 
ments taken"bK both sides of either trailing edge indicated fully 
developed turbulent boundary layers. These results are presented 
in Chapter 3. For the round trailing edge the boundary layer pro- 
files were measured at X=-3 while for the sharp edge they were 
taken at X=-2. A summary of the physical characteristics of the 
plates is shown in table I. 
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Trailing edge CYLINDRICAL- SHARP 
description 
circular R=5cm tapered with 
r- total  included angle 
8° 
Plate 
Characteristics: 
width  (cm) 30 *     30 
initial thickness 
(cm) .10 10 
length  (cm) 240   " 270 
Flow ; \ 
Characteristics: measured at X = -3 measured at X = -2 
!     "'    e  (cm) 0.625 •    0.85 
1            H, 1            1.432 1.60 
'    
R
*L             J 7.6 x  10
5 8.27 x 10r 
i            Ret 3.2 x 10" 3.2 x ~\0
U 
i            Ret j 
1.62 x 10": 2.5 x 10:" 
Table I.      Physical  Characteristics of the Plates 
2.3    PLATE SUPPORT ARRANGEMENT 
.Each test assembly was mounted vertically in the water 
channel  using two overhead brass support rods 3.81 cm wide, 
2.54 cm"thick and 0.91m long.    Arigle iron support surfaces 
0.635 cm thick,  and 5 cm wide were bolted to the steel  frame of 
the water channel, and the support rods were placed on these 
surfaces instead of on the plexiglass walls of the channel. 
■28- 
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Two mountings were made from plexiglass and placed on the test 
plate. '""At the middle of each of these pieces 0.95 cm threaded 
rods 12.7 cm long were fixed in position which anchored the 
mounting to the support rods. .Figure 2.4 shows one of the 
mounting pieces.. The dimensions were chosen so that the test 
section just fit inside the support piece, thus preventing the 
plate from moving transversely. To assure a consistent transi- 
tion location and a developed turbulent boundary layer at the 
trailing edge, 2mm diameter rods were used to trip the flow. 
Figure 2.4 Schematic of the plate mount 
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Boundary layer measurements taken near the trailing edge of the 
plate indicated essentially developed turbulent profiles for 
either side of the test plate. 
To set up the test plate the following steps were 
taken: 
1. The three sections of the test plate were assembled 
and the joints smoothed. 
2. „The test assembly was located in the channel vertically,. 
with the leading edge 0.60m downstream of the inlet 
contraction. Length constraints necessitated that this 
distance be reduced to 0.30my for the sharp trailing 
edge assembly. In all cases the test plates were loca- 
ted on the centerline of the water channel. 
3. Flow trips were attached to the opposing walls 0.30 m 
from the leading edge. 
4. The angle iron support surfaces were bolted to the 
channel frame at the appropriate locations. 
5. The two mounting pieces were placed on the top edge 
■     (/ -   . 
of the plate assembly, with one 30 cm from the leading 
edge, and the other 25.4 cm upstream of the tip of the 
test plate. The overhead support bars were placed on 
the support surfaces and the threaded rods were 
attached to the mounting pieces. 
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Figure 2.5 Photograph of the water channel (looking upstream), 
traverse platform, video system, two TV cameras, and 
the test section in place. 
-? 
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^ It was sooj/discovered that the round trailing edge assembly 
experienced a substantial periodic flexure due to periodic forcing 
caused by vortex shedding behind the plate. The shedding experi- 
erjced was so strong that both the water surface and the plate 
exhibited significant oscillatory behavior. These oscillations 
were even detectable at velocities as low as 6.1 cm/sec. To 
stabilize the plate, 0.32 cm thick rubber strips were glued to 
the bottom of the plate to increase friction between the plate 
and the channel floor. In addition, small plates 0.32 x 3.81 x 
5 cm were used to sandwich the brass bar, preventing it from 
moving. These adjustments eliminated plate oscillations and 
minimized channel surface motion. Figure 2.5 shows a picture 
of the flow channel along with the plate assembly in place. 
2.4 VISUALIZATION 
Visualization and recording of the trailing edge flow 
behavior was done using the hydrogen bubble visualization tech- 
nique and a high-speed video system.    Two specially built hydro- 
gen bubble-wire probes were used: one with a horizontally oriented 
bubble wire (parallel to the bottom of channel), the other with 
a vertically oriented wire (perpendicular to the bottom of channel) 
Schematics  of these probes are shown in figure  2.6.    For the 
electrolysis process a 25 ym diameter platinum wire located bet- 
ween the prongs  of the support as  shown in figure  2.6 was  used 
•32- 
Figure 2.6 Schematic of the hydrogen bubble-wire probe supports 
a- horizontal,   b- vertical 
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as the cathode, anb a 0.6 cm diameter graphite rod located down- 
stream of the probe was used as the anode.    A special hydrogen 
bubble generator constructed at Lehigh University was used to 
create timelines of hydrogen bubbles.      This unit is capable of 
generating timelines or a sheet of hydrogen bubbles at frequen- 
cies ranging from 0.2 to 340 Hz.    In the present work however, 
only pulse frequencies of 60, and 120 Hz were used.    The hydro- 
gen bubble probes were supported by an overhead bar which was 
mounted to the traverse platform discussed in section 2.1.    This 
means of support allowed the probe to be located anywhere in 
the channel such that hydrogen bubble timelines could be intro- 
duced in any region. 
The video viewing and recording system is a two-camera, 
high-speed system, manufactured by Video Logic Corporation. 
This system utilizes synchronized strobe lights<to provide 120 
frames per second with an effective frame exposure time of 10-l+ 
seconds.    The camera lens, with a close-up lens and a wide zoom 
adjustment range, allows recording of areas as small as 6x6 mm 
at distances of 0.5m.    The pictures are viewed on a high resolu- 
tion monitor, with capabilities for slow-motion playback (3% to 
15% real  time), still  framing, slow-motion back-up,  and single- 
frame sequencing.    Once a video sequence was recorded, individual 
stop-action frames were taken either T) from the video screen 
-34- 
using conventional photography or 2) via a videographic copier. 
The copier is directly interfaced with the video recorder, and 
creates an exact linear image of the recorded analog signal. 
The video system and the hydrogen bubble technique are described 
in further detail by Smith (1978), and Metzler (1980). 
2.5    ANEMOMETRY a 
Flow measurements were taken with a DISA type 55M01 single 
element constant temperature hot-film anemometer.    Data acquisi- 
tion was done primarily with a TSI-1076 true RMS voltmeter, how- 
ever, a l3EC PDP 11/23 Mine digital data acquisition computer was 
also used.    The linearization process, which is discussed in 
detail  in Appendix B, was done using a DISA 55M25 linearizer. 
To measure mean and fluctuating velocity in the streamwise direc- 
tion, a DISA 55R11 or 55R15. quartz hot-film probe was mounted 
with the sensor parallel to the test sefction walls.    The anemometry 
system is shown in figure 2.7. 
Time average of at least 400 seconds  was   used for each 
measurement point.        Long time averages were required to ensure 
that stable averaged measurements were obtained.    The measurement 
points comprising each profile  (both velocity and turbulence 
intensity) were taken sufficiently close together such that 
variations from point to point did not exceed 10%.    The approximate 
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PROBE® 
1 
ANEMOMETER 
DISA 55MOI 
OUT IN I 
M^ 
LINEARIZER 
DISA 55M25 
OUTQ 
I  
ANALOG OUTPUT 
I  
i 
VOLTMETER 
TSI-1076 
OUT IN I 
MINI-COMPUTER 
Dec   PDP   11/23 
OOUT IN i 
SK3NAL 
INPUT 
DIGITAL OUTPUT^ 
Figure 2.7    Schematic of the .Anemometry System 
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time far measurement of each profile was 4 to 8 hours. 
The probe mount was a specially built traversing system 
which mounted on the traverse platform discussed in section 2.1 
Three adjustment micrometers on the probe traversing system 
allowed the probe to be located in the„X, Y, and Z directions 
within ±0.01 mm. 
-37- 
/ 
CHAPTER 3 
SHARP TRAILING EDGE 
3.0    INTRODUCTION 
The next two chapters contain the near-wake results for both 
the sharp and round trailing edges.    For the cylindrical trailing 
edge the results are presented in Chapter 4, and were obtained 
with a free-stream velocity of 29 cm/sec. which yielded Re^ = 
7.6xl05 (ReQ = 1.62xl03).    For this flow velocity a boundary 
layer to plate thickness ratio of approximately one-half was 
obtained, which corresponds to the ratio   CQmmonly encountered 
at the trailing edge of turbine blade-type geometries.    Since 
the test section with the sharp trailing edge was longer, a 
slightly lower freestream velocity was employed (U0 = 27.5 cm/sec) 
•to give ReL = 8.27xl05  (Ree = 2.5xl03).    Figure 3.0a shows the 
reference coordinates used to present the results.    All the dimen- 
sions used are normalized based on the plate half-thickness, t/2 
(i.e.  X=2-x/t, Y=,£y/t, and Z=2z/t)  unless otherwise specified. 
For the visualization measurements, both horizontal  and vertical 
wire orientations were used.    Figure 3.0b illustrates how the 
wires were oriented with respect to the plate, which is mounted^ 
vertically in the water channel.    The horizontal hydrogen bubble- 
wire was employed for side-view visualizations, and the vertical 
bubble-wire was  used for top-view visualizations. 
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ROUND   TRAILING   EDGE 
SHARP   TRAILING   EDGE 
Figure 3.0a    Side-view schematic showing the reference coor- 
dinates used for both trailing edges. 
SIDE-VIEW 
HORIZONTAL 
WIRE 
TOP-VIEW' 
VERTICAL 
WIRE 
Figure 3.0b Schematic showina thp hvHrnnen-hubMe-v;ire- 
orientation for the  round trailing edge  (iden- 
tical  orientation employed for sharp trailing 
edge). 
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The geometry of the trailing edge has a dominant effect on 
the turbulent near-wake of a flat plate.    In mathematical £gnsid- 
erations the wake generated by a tapered trailing edge is one of 
the Jess complicated turbulent wake flows to model.    There is no 
separation at the tip for a tapered geometry with a very small 
termination at the tip.    As previously mentioned in Chapter 1, the 
mixing process in the wake is confined to a very thin cross-stream 
region within which the small scale flow structures are dominant. 
Furthermore, the outer portion of the boundary layers in either 
side of the plate are not immediately affected by the disappear- 
ance of the wall, with most of the interaction between the two 
layers occurring in the inner layer of the wake.    Naturally, the 
ft. 
wake eventually has to evolve, but this happens very slowly. 
Another effect of a tapered geometry is the creation of a weak 
# 
adverse pressure gradient prior to the trailing edge, which results 
in a slight growth of the boundary layer.    However, it is believed 
that this pressure gradient does not significantly affect the 
structure of the wake. 
3.1    HOT FILM ANEMOMETRY MEASUREMENT 
To insure the presence of a fully developed turbulent boun- 
dary layer, mean velocity profiles were measured at X=-2 on both 
sides of the plate.    These profiles are shown in Figure 3.1, and 
•40- 
FIGURE 3.1  BOUNDARY LAYER PROFILES. OF-MEAN VELOCITY PRIOR 
TO SEPARATION AT'X =-2.0 OF SHARP TRAILING EDGE. 
Re. = 8.27 x 105, Re, = 2.5 x TO3 
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as was expected the shape of the profiles is not as  'full'  as 
those of a flat plate profile.    This difference is due to the 
pressure gradient effect caused by the tapered geometry.    Numeri- 
cal  integration of the boundary layer parameters yielded H-6*/e= 
p. 
1.60, which is higher than conventional  flat plate values and 
commensurate with typical  values for a mild adverse pressure 
gradient.    Within the range of uncertainty in thelexperimental 
data, the two profiles suggest a good symmetry for both walls. 
Mean wake velocity profiles were obtained at six downstream 
locations and are shown in Figure 3.2.    Due to the finite channel 
length, the last station downstream of the tip at which profile 
measurements could be effectively made was X=12.0,  corresponding 
to 73 momentum thicknesses.    One of the more striking aspects, of 
these profiles is how little the wake spreads.    For measurements 
to X=12 the bulk, of the defect region of the velocity profiles 
is contained between Y=±1.5, which are essentially the edges of 
the initial flat plate boundary layers.    As can be observed, the 
changes in the velocity profiles are primarily confined to the 
inner wake.    This is clearly illustrated in Figure 3.3, with the 
data plotted in the inner      wall parameters.    The normalizing 
friction velocity, U  , for Figure 3.3 is established at X=-2 
T 
prior to the trailing edge using a numerical  optimization tech- 
nique outlined in Yuhas  (1981). 
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Another important point which can be concluded from Figure 
3.3 is that the inner region grows from the centerline out as 
X is increased, with limited modification of the outer region 
until  the centerline growth reaches the logarithmic region.    The 
present measurements, however, cannot    determine how the logar- 
ithmic region evolves beyond X=12.    Furthermore, Figure 3.3 indi- 
cates a rapid recovery of the defect velocity in the inner wake 
region for X <1.    The growth becomes more moderate for X>1, with 
the mean velocity profiles displaying very little growth from 
X=4 to X=12.    Hence,  in the immediate neighborhood of the trailing 
edge X<1, where flow characteristics-change rapidly, the boundary 
layer parameters (i.e.  6,  6  ,  e)  can not be a truly relevant 
length scale.    This argument is similar to that for the scaling 
of the inner layer of the turbulent boundary layer (see reference 
[15]). 
Figure 3.4 is a plot of centerline velocity in wall  coordi- 
nates, which indicates the initiation of a logarithmic growth 
region starting at approximately X =300  (X =XUT/V).    Below X = 
300 the centerline velocity departs from the logarithmic behavior 
and asymptotically approaches zero in a fashion very similar to 
the velocity behavior in the viscous sublayer of a turbulent 
boundary layer.    For 100<X+<300, the velocity passes through a 
buffer -  like region which provides transition' from the 
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linear to logarithmic behavior. The centerline velocity behavior 
is consistant with the experimental results of Chevray & 
Kovasznay (1969), and the analysis of Alber (1980). Furthermore, 
to emphasize the logarithmic behavior of velocity on the center- 
line, the experimental data of Chevray & Kovasznay (1969), 
Andreopoulos (1980), and Ramaprian et al. (1981) are also shown 
for comparison. The starting point for logarithmic growth of 
the centerline velocity is almost the same for all the cases con- 
sidered; however, the slope of the growth is not. One of the 
reasons for this discrepancy is the difference in the values of 
the normalizing friction velocity UT. In the present study the 
plate was quite thick, creating an extended adverse pressure 
gradient over the taper, which was not present for the other 
'V 
three investigations. This adverse pressure gradient prior to 
the trailing edge results in a lower value of U , and a higher 
value of U„/U . Despite the differences between the four sets 
o T    r 
of data shown in Figure 3.4, it is clear that the centerline 
velocity grows logarithmically for X >300. Unfortunately, the 
present studies could only be carried out to X =6400, but from 
previous investigations (references [5 ], [64]) it appears that 
the logarithmic behavior of the centerline velocity extends even 
up to X+=lxl05. 
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The wake velocity profile eventually has to appraoch unt> 
formity as the distance from the tip increases,    This  uniformity 
is indicated by the parameter H=6 /e, which should approach a 
limit of H=l.    In the-present study, as mentioned before, channel 
length constraints did not allow profile uniformity to be approached. 
Nevertheless, a plot of the development of key boundary layer para- 
meters  (shown in Figure 3.5) demonstrates this approach toward 
profile uniformity.    Normalization of the data on the initial 
momentum thickness  is used in an attempt to be consistent with 
previous investigations.    The present results  (determined by 
numerical   integration of experimental  velocity profiles) are 
compared with those from Chevray & Kovasznay (1969), and 
Andreopoulos  (1980).    The difference between starting values of 
H is  due to differences  in experimental  conditions  (i.e.  initial 
Reynolds numbers and plate geometries).    Note the sudden decrease 
in H in the initial  near-wake development region very close to 
the tip as  reported earlier.    In contrast, e/e    (e    is the initial 
value established at the tip)  remains essentially unity, which 
■i     i 
indicates that the momenjtum transfer is constant in the wake. 
This is obvious, since there should be no change in the mean 
pressure in the wake. 
In the present study,  however, the values 6f6/e    (Figure 
3.5)  show a decrease in  the value of momentum thickness  up to 
•48- 
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X=4. This reduction is apparently caused by relaxation of the 
pressure gradient. The tapered geometries in the previous inves- 
tigations were short termination regions of relatively very 
thin flat plates (at maximum t/L=1.0%). This resulted in a mini- 
mal adverse pressure gradient over the trailing edge taper, with 
the streamlines in the trailing edge region remaining essentially 
'parallel*. In the present work, the plate has a thickness t/L= 
4.5% which results in significant streamline curvature. At some 
location downstream the streamlines become parallel again, but 
up to that point, the momentum flux will not remain constant. 
Thus, there is an apparent increase in the mean streamwise pres- 
sure, with a subsequent reduction in momentum thickness. Such 
a decrease in the value of momentum thickness is also reported 
by Preston & Sweeting (1943). In their work a simple symmetric 
Joukowski airfoil was used with maximum t/L=11.8%, and a trailing 
edge thickness of 0.075%. The momentum thickness values were 
determined at distances up to 0.8 chord lengths downstream of the 
trailing edge. At the last location a decrease of roughly 12% 
from the value of the momentum thickness at X=0 was reported. 
In contrast to the present study a recovery of the momentum 
thickness was not observed. 
Turbulence intensity profiles were measured at six locations 
downstream of the trailing edge as shown in Figure 3.6. At the 
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ftirst downstream location (X=0.0), the turbulence intensity 
measurements are essentially the same as the profiles measured 
just prior to the trailing tip of the plate, as would be expec- 
ted.    A maximum intensity of 11.3% (relative to freestream velo- 
city) is measured at the X=0 station.    This peak value reduces 
to 8.4% by X-1.0; thereafter, the decrease is more moderate, with 
the maximum turbulence intensity reduced to 6.6% by the last 
streamwise location, X=12.    Two points should be noted.    First, 
the point of maximum intensity continuously moves away from the 
centerline:    For example, at X=1.0 it occurs at Y=0.20, and at 
X=12 it occurs at Y=0.75.    Second, there is essentially no growth 
of the turbulence intensity profiles beyond the limits of the 
original boundary layer, which is Y=1.50.    The same limitation on 
the spreading of wake characteristics was previously observed 
for the mean velocity profiles (Figure 3.2).    The present results 
are an even further indication of the confined spreading of the   . 
wake. 
In Figure 3.2,  a close inspection of the mean velocity pro- 
files; indicates a  'hump'   shaped retardation  in the profile for 
2.25<Y<4.    This unexpected retardation of the velocity profiles 
appeared as a uniform velocity region slightly lower than the 
freestream velocity for 4>Y>2.25', and recovered to its previous 
value beyond Y=4.    The deflection was also detected for the 
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turbulent intensity profiles illustrated in Figure 3.6.    When 
the physical conditions which may have caused such behavior were 
considered, the possibility of errors in instrumentation or 
experimental  procedure was ruled out, since the plate alignment  
and linearization procedures were carried out for each profile 
independently.    Furthermore, the symmetry of the profiles about 
the center!ine, and recurrence of the "hump" in the profiles at 
different stations suggests another reason besides error in exper- 
imental  procedure.    It is speculated that the freestream velocity 
is  retarded dye to an expansion of disturbances generated at the 
corners where the tapering of the plate initiates  (i.e.  X =15.0 
upstream of the tip); however,  insufficient data was available 
to verify that such an expansion did occur. 
3.2    VISUALIZATION STUDIES 
To obtain.(£he visualization data, two different hydroger 
bubble-wire configurations were employed.    A schematic  illus- 
trating the orientation of the bubble-wires with respect to the 
plate is shown in Figure 3.0b.    For plan-view visualization the 
wire is located parallel to the flat plate, whereas for side-view 
visualization the hydrogen bubble-wire is oriented perpendicular 
to the plate.    A series of flow visualization studies were done 
with different bubble-wire placements and orientations for both 
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Figure 3.7      Streamwise location of the hydrogen-bubble probes 
V - vertical   (plan-view) 
H - horizontal   (side-view) 
the top and side Views.    Figure 3.7 illustrates the streamwise 
locations visualized with the corresponding bubble-wire.configur- 
ations.    The plan-view studies examined the flow behavior in the 
region -1.25<X<4.0, and 0.0<Y<1.0, whereas side-view visualizations 
were obtained in the region 0.0<X<4.0, and -2.0<Y<2.0.    The down- 
stream interval between two subsequent probe placements was selec- 
ted depending upon how drastically the flow characteristics 
changed from one location to the next.    Throughout this text, 
whenever a visualization picture or sequences of pictures are 
shown, the wire location is specified. 
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Overall, almost two hours of visualization data were recorded 
for the sharp trailing edge.    Naturally, there is a limit to the 
number of pictures that can be presented while still enabling the 
reader to understand the very complicated flow behavior existing 
in the wake.    Furthermore, stop-action pictures do not effectively 
transmit the complexities of the dynamic behavior as do the real- 
time or slow-motion video playback.    Thus, to facilitate an under- 
standing of the behavior illustrated by the limited number of pic-   ) 
tures presented in this thesis, schematic representations of the 
flow behavior observed are frequently presented in conjunction 
with individual  pictures or series of pictures to amplify the 
important characteristics illustrated in the visualizations. 
3.2.1    PLAN-VIEW STUDIES 
The existence of an ordered structure within the near-wall 
region of turbulent boundary layers, known as low-speed streaks, 
is well established.    Numerous qualitative and quantitative stu- 
dies of flow over'a flat surface (i.e.  see references  DO], [29], 
[38],- and [56])  have reported detection or observation of the 
coherent streamwise regions which characterize the low-speed 
streaks in turbulent boundary layers.    In the present study, 
these streak structures were observed in certain region's of the 
wake as well  as  on the plate, which  indicates  both their persistence 
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into the wake and their importance in the wake centerline mixing 
process. 
Figure 3.8 is a plan-view stop-action frame obtained from 
the video recording system with the bubble-wire located on the 
plate upstream from the trailing edge (X=-1.25, Y =yU /v=10). 
The bright streamwise concentrations of bubbles are the low-speed 
streaks.    These finger-like structures extend longitudinally near 
the wall, and migrate back and forth transversely across the wall. 
A study by Kline et al.   (1967) suggests that the major production 
of the turbulent energy  (up to 80%)  in the inner region of the 
boundary layer is the result of the "bursting" of the low-speed 
regions of fluid from the near-wall  regions.    Kline et al.  hypo- 
thesized that the, "bursting" is the,primary means by which turbu- 
lent kinetic energy is transported to the outer or wake region 
of the boundary layer.    The low-speed streaks are believed 
(Smith 1984)  to be the most universally organized and identifiable 
structure within the entire boundary layer. 
From Figure 3.8    it is obvious that the spacing between adja- 
cent streaks  is not consistent.    A more general  description of the 
1
... ...> 
spacing between the low-speed regions is commonly done via statis- 
tical evaluation of mean transverse streak spacing.    One of the 
more detailed studies on  low-speed streak characteristics was 
done by Smith & Metzler (1983), wherein'they describe a technique 
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Figure 3.8    Platvview showing low-soeed streaks over the Hat- 
plated    X,wire=-1.25, Y+ire=10,  FHB=T20 Hz. 
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for establishing streak spacing.    The same technique was employed 
in the present study.    The principle steps are: 
1) For locations at which streak regions could be observed, 
a series of still videographic prints are obtained at time inter- 
vals consistent with the mean bursting period for a flat plate 
boundary layer (about 100 video frames for the present case). 
Typically, 30 frames or more of data were evaluated for each 
video sequence. 
2) A fixed set of criteria (see Smith & Metzler, 1983) was 
used to identify and mark the streaks on each picture (approxi- 
mately 80-120 streaks were marked for each sequence).    Utilizing 
these pictures, the distance between subsequent streaks was 
measured.    From these measurements, the mean non-dimensionalized 
streak spacing (x =A*U /D) was then established.    The streak 
counting technique applied to the flat plate data resulted in 
X =±100+10.    This value is essentially identical to those of pre- 
vious investigations by Schraub & Kline (1965), and Smith & Metzler 
(1983). 
Longitudinally dominant structures which retained the charac- 
teristics of low-speed streaks were observed in the wakes as far 
as  X =130 downstream of the trailing tip.    This observation sug- 
gests that the "streaky structure" is notjimnediately affected 
by the disappearance of the wall, and is present in the immediate 
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near-wake region.    Overall, the vertical bubble-wire placements 
allowed observation of the low-speed streaks for a range of ten 
different plate and wake locations.    These locations are at two 
different normal heights, Y+<5 and Y+=1Q, and X+=-600, -30 on 
the wall, and X+=30, 70, and 130 in the wake (X+=xU /v, Y+=yUT/v). 
Figures 3.9a and b illustrate the striking similarity between 
the flow pattern observed at a location X =600 upstream of the 
tip (Figure 3.9a), and at X =130 downstream of the tip (Figure 
3.9b).    The corresponding probability histograms established at 
each location from the detailed streak spacing measurements are 
slow presented (statistical parameters are shown in the Figure).* 
The two histograms are essentially similar,   'skewed'  slightly to 
the left of the mean.    Figure 3.9a indicates a higher value of 
flatness for the data obtained over the flat plate than that for 
- . 
1  n     _ 2 h 
a   = [—-y E (X.- X) ]       standard deviation A   n-i i=1  i 
in      , 
E 
n-1 .^ (x.-x) 
s, = TT- skewness X       aJX 
\li   = a x/x coefficient of variation 
i     n ' 
^r i:1 (x.-x) 
F,  = E flatness X a. 
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Figure 3.9    Plan-view visualization of low-speed streaks accom- 
panied with a streak spacing histogram,    a)'Flow over 
the plate X^-jre=-600,  Yy^p-10,  and b)  picture obtained 
in the wake at X^1-re=130,  i^ire"^-    Same magnifica- 
tion as  3.9a.. 
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the near-wake (Figure 3.9b).    Note that although these histograms 
are not significantly different from those established in the 
previous studies (Smith & Metzler, 1983; Johansen & Smith, 1983), 
clearly a larger number of streak counts in each sequence would 
allow the shape of the probability histograms to be better defined. 
As shown in Figure 3.9, the low-speed structures appear to 
have the same essential characteristics in the wake as they do on 
the plate.    In the wake, the streak count technique indicated that 
X    =100±20, which is in agreement with the flat plate data.    Figure 
3.10 plots the values of X   versus X+ for all locations where streak 
counts were determined. 
o 
1 
Figure 3.10 Variation of mean spanwise streak spacing with 
X+ both on the wall and in the wake. 
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As the hydrogen bubble-wire is moved downstream, the mean spacing 
values do not appear to change significantly other than the 
variation encountered at X-=30 between Y =5 and Y =10.    This var- 
iation is probably a consequence of limited sample s.ize effects. 
The histograms from which the results  in Figure 3.10 was estab- 
lished illustrate      three general  characteristics:    1) a slight 
increase in the mean spacing in the wake as y increased,  2) a 
broadening of the streak distribution as  distance from the wall 
(or the centerline)  increased, and 3) a broadening with increased 
x. 
Figure 3.11  is a series of four plan-view pictures,  obtained 
with the bubble-wire on the wake centerline at four different 
streamwise locations  (location uncertainty Y =~2).    The figure 
illustrates centerline flow structure and its modification with 
distance from the trailing tip.    Close to the tip (Figures  3.11a,b; 
X <130),  the disturbances are more organized and coherent, with 
the bubble-line markers  illustrating a dominant longitudinal  low- 
speed streak type behavior.     Flow in this  region illustrates scales 
comparable to trtese detected in near-wall  turbulent boundary layer 
prior to the trailing edge.    Note that in Figure 3.11b,  the "axial 
structures   'kink' much more than those of Figure 3.11a.    At X = 
270  (Figure 3.11c),  the disturbances exhibit    more three,-  . 
dimensionaltiy, and less  coherent behavior, with a  subsequent 
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Figure 3.11     Variation of scale and disturbance from the 
trailing edge  in the neighborhood of centerline 
.behind sharp trailing edge. 
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reduction in the observed longitudinal organization.   'A few 
rather more recognizable interactions can be pointed out in Figure 
3.11c.    For example:     1) a spanwise rotation is developing at AA, 
2) at BB two streamwise vortices appear in close proximity to 
each other, and 3) at BC a previous longitudinal vortex is inter- 
acting with another spanwise vortex in some complicated roll-up 
process, resulting in an intricate structure which appears as a 
'cloud' of bubbles in the still-frame picture.    From Figure 3.11c 
it is clear that the flow structures are less longitudinally dom-   * 
inant.    Due to the modification of streamwise structures, beyond 
X =130.0 the streaks were in general not sufficiently well defined, 
and a streak count consistent with the criteria used for previous 
situations was not applicable..  However, from the visualization 
data, it was qualitatively observed that the transverse scale of 
the disturbances appear to increase with x. 
Although not truly homogeneous, by X =1070 (Fi^tffe 3.lid) 
the disturbances have essentially/lostJa directional  preference. 
Note that the bubble-lines mark tns_«DSt active local behaviors. 
Figure 3.lid illustrates the presence of an inactive region demon- 
strating very little disturbance which appears just downstream 
of the bubble-wire.    Note figure 3.lid is a typical  view of bubble- 
line patterns visualized at X =1070.    The almost parallel  bubble- 
lines  in this figure indicate passage of a large.scale behavior 
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through the visualization window. By comparison of the four pic- 
tures in Figure 3.11, it can be observed that the disturbance 
length scale grows as distance from the tip increases. Qualita- 
tive measurements show that a typical length scale at X =1070 
(Figure 3.lid) has grown to approximately L =150 (L =L UT/v) . 
A similar increase in scale is observed in turbulent boundary 
layers with changes in distance from the wall. For example, the 
results of Smith & Metzler (1983) and Nakagawa & Nezu (1981) 
indicate the length scales increase almost linearly with distance 
from the surface. 
It was mentioned that the slow wake growth does not affect 
the outer portion of the original boundary layer in a region near 
the tip (X/e-,^25). It is possible to determine the characteristic 
disturbance length scale qualitatively. The visual observations 
of the dominant disturbances occurring in the logarithmic; re'gion 
above the flat plate indicate that they are very  similar in scale 
and appearance to the disturbances observed in the wake in the 
neighborhood of Y=±0.75 away from the centerline. This point is 
further highlighted by the two pictures of Figure 3.12a, b. In 
these .pictures (obtained with the same/magnification) the bubble- 
si \ 
wire was located at X=-1.0, Y=0.25 forlFngure 3.12a, and at 
* + L , and all of the other scales were determined from calibration 
sequences of a ruled scale. • 
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AZ =150 
Figure  3.12    Similarity in scales  of turbulence structures  in the 
logarithmic region of the boundary layer, upstream and 
downstream of the trailing edge,    a) Y+irp=1on   X + .    = 
-600,  b) Y+ire=270, X+ire=1070  (same magnification)Te 
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X=2.0, Y=0.5 for Figure 3.12b.    The selection of the pictures was 
random^ only the disturbance length scale was selected to repre- 
sent the most common scale.    This comparison does not imply that 
the flow characteristics over the flat plate have a one-to-one 
relationship to tliose in the wake.    Perhaps it would be easier 
for the reader to observe the similarities if the pictures showed 
identical  disturbances, but obtaining such pictures is not an 
easy task.    However, it is obvious from these comparative pictures 
that there is neither a direction in which the disturbances are 
clearly dominant, nor a behayior which can be singled out as the 
most important one.    Therefore, it certainly appears that the 
scales in the outer portion q.f the boundary layer undergo little 
substantive change upon passage into the outer region of the 
near-wake; this is also borne out by the narrowness of the wake 
xl^teraction region in the near-wake, as shown, previously in sec--' 
tion 3.1. 
3.2.2    SIDE-VIEW HORIZONTAL BUBBLE-WIRE 
Side-view visualizations  are generally the most effective 
view for observation of 1)  the mixing of the two merging boundary 
layers, 2) the overall  modification of the boundary layer structure, 
and 3) the wake growth.    It has been mentioned that mixing in the 
wake of a sharp trailing edge  is a small   scale mixing process, 
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with no dominant large scale vortex shedding.    The thickness of 
the trailing edge in non-dimensional form is H =hU /v=8.3, which _ 
is relatively small  in comparison with the combined thicknesses 
of the two viscous sublayers.    Such a small plate tip thickness 
appears, to have an insignificant effect on the wake characteris- 
tics.    The ratio of the local  friction velocity to the freestream 
velocity immediately upstream of the interacting zone at the trail 
ing edge is commonly defined as e=U /U0(x).    It has been shown 
that if 0(H /2)<0(e2)    (where H* is the non-dimensionalized tip 
thickness based on the plate length H =h/L), the flow does not 
separate prior to the trailing edge.    In the present study H /2= 
-i+ -3 1.4x10    , and e=1.2xl0    ; thus, the flow should not separate. 
Visualization data shows this to be the case, indicating that the 
two boundary layers mix in a very thin wake. 
The limited region of wake interaction and the lack of a 
periodic wake structure is shown clearly in Figure 3.13, which 
consists of bubble-wire visualizations of the wake with the wire 
located normal  to the merging surfaces at X=0,  and X=4.    From 
the visual  data at X=0 (Figure 3.13a),  it was observed that the 
region of interaction is essentially along and near the center- 
line.    With an increase in X, the wake characteristics change. 
For instance,  at X=4 (Figure 3.13b)  the disturbances have grown 
in scale,  and the zone of interaction has significantly broadened. 
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Figure  3.13    Side-view photographs  showing boundary  layers 
merging, wake interaction,  and mixed and unmixed 
reqions. 
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From the visualization data it is not possible to determine the 
boundaries of the inner-wake or the mixed regions for large dis- 
tances from the trailing edge (X >270).    However, to facilitate 
•a common terminology, the region    of intense vortex interaction 
(as it is observed from the visualization results)  is considered 
as the mixed region.    As could be noted from Figure 3.13a    and 
b, it is easier to distinguish between the mixed and unmixed 
regions  in the vicinity of the centerline closer to the trailing 
edge.    As  indicated in Figure 3.13a, the portions of the boundary 
layer which are not affected by* the mixing region are termed the 
unmixed wake.    The flow structures in the unmixed regions near the 
vicinity of the trailing edge  (X <270) are very similar to the 
large scale motions typically visualized in the outer region of 
the boundary layer for flow over flat plates  (see Falco 1977, 
Smith  1978, Smith 1984). 
In general, three distinguishable regions were observed in 
the mixing process:    1)  a small  unsteady'bubble of stagnant flow 
which extended between 0<X <15.    2)  a strong inward flow in the 
region approximately bounded by 15<X <270, with the mixing process 
confined to the small  scale structures.    3)  a region X+>270 where 
interaction occurs between groups of larger eddies of almost the 
same  length scale. 
A further description of the mixing regions are presented 
in the following two subsections. 
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3.2.2a MIXING IN THE REGION 0<X+<270 
ji 
From the visualization data it was observed that 0<X <270 
is the region of the most intense flow interactions.    Previous 
discussion has dealt with the rapid increase in centerline velo- 
city in this region, as well as the merging of the boundary layers 
which starts immediately behind the plate.    Flow in this zone 
is also affected by the tip thickness and viscous sublayer inter- 
action.    Locating the hydrogen bubble-wire at X=0 revealed some 
interesting and complicated behavior in this region.    Figure 
3.14a and b are two pictures from the same video sequence (7.2 
seconds apart) which clearly show the interaction between the 
two merging boundary layers.    Figure 3.14a shows an interaction 
between the two boundary layers in which they mix in a very nar- 
row region (bright region).    However, figure 3.14b illustrates 
a more intense mixing of the shear layers.    From this figure it 
is evident that there is an inrush of fluid from both sides of 
the plate toward the centerline immediately downstream of the 
trailing edge.    From the review of the dynamic pictures it appears 
that the fronts of inward moving fluid rotate about and stretch 
along the X axis.    Furthermore, the visualization data revealed 
that the streamwise rotation starts at Y =200 away from the wake 
centerline, and moves in toward!; the centerline.    Figure 3.14b 
further illustrates  the following:    1) a bright,  narrow wavy 
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Figure  3.14    Side-view illustration of mixing process  in the vici- 
nity of the trailing edge, X*ire=0.0,  FHB=120 HZ.  a)  Shear layers 
merge in a thin wake, b)  intense interaction of boundary layers 
involving outer wake  fluid,  c)  schematic  representation of more 
common mixing process. 
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region at the centerlfrie which is the slow moving trace left 
behind from the interaction between the previous fronts such as 
the behavior shown in Figure 3.14a, 2) the inward moving fronts 
in the boundary layer (bright inclined regions) which form on 
both sides of the plate, and 3) an apparent streamwise rotation 
appearing in the upper portipn of the figure is extended AX =460 
downstream of the trailing edge. 
Figure 3.14c is a schematic which attempts to clarify the 
dominant mixing processes in this region.    This schematic is a 
synthesized picture of the types of characteristic motions and 
mixing behavior, which was developed after review of numerous 
video sequences obtained with the bubble-wire at or near the 
trailing edge.    In order to properly interpret Figure 3.14c one 
should note the following:    1) the solid lines selectively illus- 
trate the appearance of the bubble-lines, 2) the dashed lines 
define the fronts of regions of inflow, and 3) the bold lines 
represent the boundaries between the mixed and unmixed fluid. 
A detailed discussion on the behavior along these boundaries is 
given at the end of this section.    The arrows in Figure 3.14c 
are indicative of an inflow of fluid and also show the apparent 
direction of rotation.    This rotation is caused by streamwise 
stretching of flow structures immediately behind the trailing 
edge where there is a high velocity gradient in the flow direction. 
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The apparent vorticity of the inward moving front reduces as it 
approaches the fluid of the opposing shear layer,, which carries 
vorticity of opposite sign. A process of apparent vorticity 
cancellation continues as additional fronts move toward the 
centerline. The dashed lines in Figure 3.14c illustrate the 
fronts of an inward.moving disturbance which eventually appears 
to roll-up as streamwise vortices and undergo intense stretching. 
From visual observation of close to 120 seconds of video tape 
(14700 frames) it was noted that the process shown in Figure 
3.14c is quite repetitive and is observed to be occurring 70% 
of the time. Apparently, due to the three-dimensional nature of 
the mixing process, the streamwise vortex mixing/stretching phe- 
nomenon occurs out of the plane of the bubble-line visualization 
the remaining 30% of time. 
The interaction between the two boundary layers was limited 
exclusively to the region of the inner wake. Occasionally, 
the instantaneous boundaries of mixed and unmixed flow on both 
sides of the plate crossed each other, which means the fluid 
from either side crossed the centerline (Figure 3.14b). 
Anderopoulos (1980) measured this behavior using conditional 
sampling of the intermittency of a temperature contaminant. He 
reported the probability of unmixed fluid passing across the 
centerline is 14%. In the present study there was no consistant 
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means of determining the passage of the unmixed fluid across the 
center!ine.    However, the visualization data illustrated that 
the interaction between the mixed and unmixed regions was gener- 
ally confined to the interface between these regions.    It was 
seldom detected that this interface made appreciable excursions 
across the centerline. 
For X <15, an unsteady stagnant region AY=8 wide was observed; 
this region appears in Figure 3.14a,b as a bright region imme- 
diately downstream of the bubble-wire.    The region was quite 
unsteady, appearing to grow and diminish in a quasi-cyclic manner; 
the above dimensions represent the approximate mean stagnant 
bubble size.    Large zoom magnification  (i.e.  a small   field-of- 
view) was  used to study the stagnant bubble.    Occasionally,  an 
unsteady vortex street with a transient frequency and scale of 
the order of the trailing edge thickness was observed to shed 
from the plate within 0<X <15 region.    However, these vortices 
were dominated by the larger s^cale streamwise vortices, and the 
intense streamwise stretching.    Thus, these vortices  could not 
persist for more than one shedding cycle,  and their activity 
was  limited to the X <15 region before they become totally 
untraceable in the viewing window.   . 
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3.2.2b MIXING IN THE REGION X+>270 
Plan-view visualization data indicated an increase in the 
disturbance length scale as distance from the tip increased. 
However, the overall developments of the wake are better observed 
from the side-view pictures.    The side-view visual data indicates 
the following modifications in flow characteristics in the wake 
as the bubble-wire is moved downstream of the trailing edge: 
1. A change in the structure orientation 
(i.e., a slow approach toward "homogeneity") 
2. An increase in the vortex interaction up to 
X+=1500 
3. A decrease in the flow activity beyond X+=1500 
4. An increase in scales with increasing X. 
Additional clarification of the above developments is done 
with the aid of Figure 3.15.    The pictures in this figure were 
selected such that they represent the general types of phenomena 
observed at increasing distances from the trailing edge.    All 
the pictures in Figure 3.15 show a field-of-view AY =450 by 
AX =650.    The emphasis in this figure is on how the flow behavior 
within the field-of-view changes with downstream distance.    The 
individual  schematics shown with each picture    are provided to 
help in understanding the dynamics which are illustrated in 
that picture.    Generally,  the schematics  illustrate only the 
clearly recognizable events for each particular location.    The 
following describes the developmental  changes outlined above. 
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The dominant streamwise structure which was  (Figure 3.14) 
described earlier as a streamwise vortex associated,with an inward 
motion is still evident for X <270 (Figure 3.15a and b)  .    However, 
as X increases the flow structure orientation is modified, yield- 
ing what appear as compact transverse vortical motions.    These 
types of motions are illustrated by the bubble patterns labeled 
CC in Figure 3.15c and BB in 3.15d.    By X+=1070 (Figure 3.15e) 
the streamwise orientation of the flow structures appears less 
dominant, probably due to the rapid relaxation of the velocity 
gradient, which reduces streamwise stretching and thus the domi- 
nance of streamwise vortices.    This decrease in directional domi- 
nance with distance is again apparent in Figure 3.15f which 
demonstrates no clear characteristic scale direction. Since 
there is no continuous source of vorticity in the wake, the flow 
moves toward homogeneity as the velocity profile relaxes. 
As the observed transverse vortices convect across the view- 
ing window, they are often observed to undergo what appears to 
be a coalescence with other   similar vortices.    In the region 
X <1500 vortex coalescence between like streamwise vortices is 
also observed, as  for example at BB in Figure 3.15b, where two 
counterclockwise rotating vortices are observed to move toward 
* + Figure  3.15a is  for X =130 and is presented for comparison. 
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each other in a process of merging or coalescence.    This behavior 
happens very commonly, however, one should be cautioned in inter- 
preting it as  'pairing'.    It is possible that the axes of rotation 
of the vortices are in different planes, or they are a part of 
some other structure which is only partially marked in the view- 
ing plane. Since there is only one plane of view, the proximity 
of the two streatnwise structures at BB in figure 3.15b may appear 
as  'pairing' to an observer.    Another example of vortex inter- 
action is illustrated in Figure 3.15d.    At AC a longitudinal vor- 
tex is stretched normally (outward) resulting in a very thin, 
elongated vortex tube-like structure.    Beyond X =1500 less vortex 
interaction was observed, which appears tQ be due to the develop- 
ment of larger scales of disturbances through the initial pair- 
ing or interaction process.    The result is a decrease in active 
flow behavior and relaxation of the velocity gradient which reduces 
vortex stretching effects. 
How can visualization determine a  "less active" flow behavior? 
As previously mentioned, the significance of the bubble-wire 
visualization technique is its ability to reveal only the locally 
active flow interactions; the bubble lines  indicate only the 
integrated activity and motion from the bubble-wire on, and do 
not carry visual  flow history effects prior to the point of 
introduction.    To exemplify this, note that in Figure 3.15d the       r 
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bubble-nines at the left-hand side of the picture show a rela- 
tively uniform flow (at that instant).    Also, a region of vir- 
tually undisturbed fluid is marked in the lower left-hand corner 
of the Figure 3.15e.    The absence of.active flow behavior in 
these regions of Figures 3.15d,e are examples illustrating a 
reduction in flow activity in comparison with the previous loca- 
tions (figures 3.15a,b, and c).    Figures 3.15a-through f clearly 
demonstrate that following a region of very active behavior, 
0<X <800, a retardation in the mixing process within the observa- 
tion window occurs with increasing X. 
Qualitatively it was observed that the disturbance length 
scale increases with X, similar to the way that the scales in the 
boundary layer increase with Y.    For example, it was determined 
that the approximate scale of the transverse vortex in Figure 3.15c, 
at BB is L+=240; by contrast, at X+=2200 (Figure 3.15f) a typical 
disturbance is almost as wide as the viewing field (i.e. X =450). 
Naturally, the stations closer to the trailing edge exhibit much 
smaller scales.    Close to the trailing edge tip in the vicinity 
of the centerline it appears that the low-speed streak spacing 
(L =100)  is an appropriate length scale,- a-s-pointed out in sec- 
tion 3.2.1. 
Side-view observations of the instantaneous boundaries of 
the inner wake revealed an  interesting behavior.    Due to an 
•81- 
apparent instability of the initial inface region, it was observed 
that the instantaneous wake interface would sporadically begin 
to oscillate, and grow in amplitude. As the amplitude grew and 
extended laterally away from centerline, an interaction with 
existing flow structures in the outer wake region (pre-existent 
from the outer region boundary layer structure) took place, which 
caused a disorganization of the oscillation. Reoccurrence, ampli- 
fication, and disorganization of this type of trailing edge oscil- 
lation occurred sporadically, never developing more than two wave- 
lengths downstream of the trailing edge. 
Figure 3.16a through c illustrate the three most character- 
istic behaviors which were observed to occur at the instantaneous 
wake interface: 1) an unsteady, periodic oscillation of the wake 
interface (Figure 3.16a), 2) lateral "eruptions" of the wake 
interface with amplitudes much higher than those visualized for 
the 'periodic' oscillation (Figure 3.16b), and 3) an apparently 
smooth merging of the boundary layers in a very  narrow mixing region 
displaying no significant oscillation of the interface (Figure 
3.16c). The unsteady, periodic motion (Figure 3.16a) appeared to 
occur more than 70% of the time. Quantitatively, frequency and 
power spectrum results obtained with a single hot-wire element 
located at the edge of the shear layer indicated little, if any, 
quantifiable frequency information. However, from the visual- 
ization results, this intermittantly periodic behavior was found 
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Figure 3.16 Characterization of the most detectable behavior at 
the instantaneous interface of the mixed and unmixed region. Three 
schematic representation of the behavior showing: a) an amplifying, 
sinouse interface, b) a rapid breakdown of the wake inteYface, and 
c) a thin, smooth, nonoscillating'Mnterface. 
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to occur in a non-dimensionalized frequency range of 0.135<St<0.377, 
where S =fe /U .    Note that only the wake interfaceroscillation 
frequencies of the type shown schematically in figure 3.16a . 
(which could be clearly identified) were evaluated.    Overall, it 
appears that the presence of turbulent   boundary layer structures 
originating upstream of the trailing edge dominate any periodic 
shear -layer instabilities and prevent organized behavior from 
developing for more than one or two cycles.    Mattingly and Criminale 
(1972), in a study of the wake of an NACA 0003 symmetric airfoil 
with a maximum t/C (plate thickness/chord length) of 3.215% 
and laminar approach boundary layers, reported that the wake 
interface develops periodic oscillations which.amplify spatially, 
eventually yielding a classical von Karman street.    Absence of 
such organized oscillation in the present investigation is 
obviously due to intense mixing between the merging shear layers 
which carry with them the existing upstream irregularities.    The 
interaction between these higher frequency turbulent structures 
and the wake interface prevents the amplification and mature 
development of sustained periodic oscillations in the near-wake. 
For bubble-wire locations downstream of X =130, the visual- 
izations clearly showed that a wake interface as observed for 
X <130 was not detectable.    Occasionally the wake interface 
degenerated into transverse vortex-like structures.    A schematic 
of the generalized behavior,is shown in Figure 3.17. 
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Plate 
|- x+*200 -*| 
Figure 3.17   Break-down of the wake interface as x 
increases.    X+<j200 
The dotted lines are used to emphasize that the structure resulting 
from the vortex roll-up is a general, idealized structure which 
is not always present nor as coherent as illustrated. 
Wake interface sinuosity was also reported in the investiga- 
tions    of Andreopoulos & Bradshaw (1981); the present study pro- 
vides two points which may compliment their observation.    First, 
the instantaneous boundaries of the mixed region are wavy, but 
not always, as shown in Figure 3.16c.    Second, the oscillation 
cannot maintain itself for large distances downstream of the tip. 
Andreopoulos does not mention the limit of spatial  dependence 
of the sinuous behavior of the instantaneous boundaries.  In the 
present study,  X =200 is  largest value at which such  'waviness' 
was observed. 
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3.2.3 SUMMARY OF THE VISUALIZATION STUDIES 
To facilitate a summary of the visualization studies,   * 
Figure 3.18 was developed. This figure attempts to synthesize 
and generalize the voluminous visualization data taken for the 
sharp trailing edge. Three distinguishable types of behavior were 
visualized. A longitudinally dominant structure similar to the 
low-speed streaks was detected which maintained itself to approx- 
imately X =270. As X increased, other types of flow structures, 
particularly transverse vortices, appeared within the visualiza- 
tion window. Beyond X >800, a dominant streamwise orientation of 
the disturbances became less pronounced, with the flow appearing 
to become more and more 'homogeneous'. The interaction between 0 
the two merging boundary layers was observed to be limited to 
regions along and near the centerline. The zone in which the 
most active mixing was detected is called the inner wake. Out- 
side of this region the original boundary layer appears to convect 
essentially unchanged downstream, unaffected by the disappearance 
of the wall except at its interface with the inner wake. How- 
ever, as the distance from the trailing edge increases, the flow 
characteristics in the logarithmic region of the boundary layer 
become more involved in the mixing process, resulting in an 
increase in the observed disturbance length scale. 
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Figure 3.18    Flow structure in the vicinity of the trailing edge 
CHAPTER 4 
ROUND TRAILING EDGE WAKE 
This chapter describes a series of studies of the near-wake 
of a flat plate with a cylindrical trailing edge employing both 
hydrogen bubble-wire flow visualization techniques and hot film 
anemometry.    In contrast to the wake of the sharp trailing 
edge, the flow over the cylindrical trailing edge separated for 
-0.84375<X<-0.9375,  developing a strong vortex shedding behavior 
with an organized frequency of 0.6Hz for a freestream velocity 
of U0 = 29 cm/sec.    Two methods were used to establish the vor- 
tex shedding frequency:    1) evaluation of time sequence visual- 
ization data from a horizontal  bubble-wire,   and 2} frequency and 
power spectrum, and also autocorrelation analysis of hot-film 
data.    The latter method    was carried out using a mini-computer 
data acquisition and processing system (DEC PDP 11/23).    These 
collective measurements  revealed the existence of a Von Karman 
vortex street shedding with a Strouhal  number of St = 0.21.    This 
nondimensional  value is essentially the same as  the characteris- 
tic value obtained for flow past circular cylinders  (see refer- 
ences  [67],  [85]).    Heinemann & Butefish  (1975)  also reported 
a comparable frequency measured in the wake of both individual 
and cascaded flat plates with blunt trailing edge thicknesses 
of up to 7.5/, of the plate length. 
■88- 
4.1 HOT-FILM "MEASUREMENTS 
To establish the characteristics of the plate boundary 
i: 
layer/prior to separation, boundary layer profiles were measured 
on both sides of the flat plate at X=-3 prior to the end of the 
plate. These profiles, shown in figure 4.1a, indicate good 
symmetry between the two sides, and are clearly consistent with 
turbulent velocity profiles for a flat plate. A Clauser cross- 
plot indicated that the profiles are turbulent, yielding charac- 
teristics representative of an effectively zero pressure gradient 
flow. The Clauser plot was also used to establish (see Clauser" 
1956) a skin friction value of Cf = 0.004. The numerical inte- 
gration of the velocity profiles indicated a shape factor value 
of H = 6*/e - 1.42. 
Figure 4.1b illustrates the turbulence intensity profile 
obtained at X=-3 for the right wall. This profile appears con- 
sistent with turbulence intensity profiles obtained over a flat 
plate at zero pressure gradient. For comparison, the well estab- 
lished data of Klebanoff (1954) obtained at Reynolds number 
Re. = 7.5x10^ (versus Re~ = 1.6x10^ of the present study) is 
O 0 
plotted in figure 4.1b.    The profile obtained in the present 
studies start at y/<5 = 0.02 and exhibits a maximum intensity of 
11.6% at that location.    The maximum turbulence intensity for 
the Klebanoff data occurs at y/<5 = 0.008 and is 11.2%.    Beyond 
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r ■■„ 
y/6  = 0.3, both profiles illustrate a sloW decay of turbulence 
levels as the distance from the wall increases. The turbulence 
intensity measurement and figure 4.1b serve two purposes. First, 
the close similarity of the two profiles shown in figure 4.1b 
further emphasizes that the approaching boundary layers are 
fully developed and display characteristics of a flat plate 
boundary layer. Second, these measurements provide a reference 
for comparison with wake fluctuation profiles. 
Mean velocity profiles measured at three downstream loca- 
tions in the wake are illustrated in figure 4.2. Since inter- 
mittent reversed flow in the wake of the plate was detected up 
to X=3 (from the visualization data), this precluded wake measure- 
ments with the hot-film anemometer from being taken closer than 
X=4 without introduction of error due to reverse flow effects. 
These profiles demonstrate a very broad wake which extends well 
beyond the Y=±2 locations corresponding to the edges of the 
original boundary layers (note the upstream boundary layer pro- 
files in figure 4.2), The rapid growth of the wake is strongly 
affected by the periodic vortex shedding from the trailing 
edge. The defect velocity recovers very  quickly, with a rapid ^ 
readjustment of the profile toward uniformity with distance from 
the trailing edge. These observations indicate that a study 
of the interaction in the near-wake must pay particular attention 
■92- 
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to the region within a few boundary layer thicknesses of the " 
trailing edge. 
The shedding behavior in the wake promotes both ah intense 
mixing of the two boundary layers and a rapid spreading of the 
wake. Furthermore, an unsteady, recirculating region forms 
behind the plate which extends 1.5 base thicknesses downstream. 
To further illustrate the vortex shedding effect on the wake 
velocity behavior, a series of short segments of the anemometer 
signal recorded at a series of systematic x,y locations, is shown 
in figure 4.3. These signals clearly demonstrate both the rapid 
spreading of the turbulent component of the wake and the 
periodic behavior. Note how the periodicity is revealed as a 
periodic intermit°tency of turbulent fluctuations. This behavior 
was observed to be due to the "engulfment" and stretching of 
the boundary layer turbulence by the large periodic wake struc- 
ture. Detection of a similar periodic turbulence intermittency 
for up to X=6 along the wake centerline behind two-dimensional 
bluff geometries has also been reported by Prasad & Gupta (1977). 
Figure 4.3 also illustrates the rapid spreading of the turbulent 
wake, with disturbances extending out to Y=2 at X=4, and moving 
increasingly outward with downstream distance (Y=4 at X=12). 
Note the periodic oscillations in the non-turbulent freestream 
which are a direct consequence of the vortex shedding. 
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FIGURE 4.3 SHORT SEGMENTS OF THE ANEMOMETRY SIGNAL AT SELECTED 
DOWNSTREAM LOCATIONS ILLUSTRATING THE EFFECT OF 
VORTEX SHEDDING ON THE VELOCITY BEHAVIOR. 
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The turbulence intensity profiles obtained at three down- 
stream locations in the developing wake are shown in figure 
4.4, 4.5, and 4.6. The normalized (on freestream velocity) 
total turbulence intensity distribution is shown in figure 4.4. 
The profiles extend up to Y=4.5 away from the centerline;> the 
magnitude of the velocity at Y=4.5 was used as the freestream 
velocity. Figure 4.4 clearly exhibits an outward shift in the 
location of the peak intensity, as well as a definite flattening 
of the profiles. Additionally, the value of the peak at X=4 
(u/U0 = 19.33%) substantially exceeds the turbulence intensities 
measured upstream of the trailing edge on the flat plate 
(u'/U0=n.6%, figure 4.1b). Independent turbulence intensity 
data for the near-wake of flat plates with comparably thick 
bluff trailing edges could not be located in the literature. 
However, in general, the present measurements revealed results 
comparable with turbulence intensity profiles reported for the 
wake of circular cylinders. In particular, the outward spreading 
of the peak intensity with distance from the trailing edge, as 
demonstrated by figure 4.4, is also observed for the wake of 
circular cylinders (e.g. see Bloor & Gerrard 1966). 
The increase in intensity above that encountered for the 
sharp trailing edge wake was felt to be due primarily to the 
contribution of the large scale wake structure generated by 
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the vortex shedding.    Since-ttte wake Strouhal frequency was 
known (0.6 Hi), a high pass filter with a low cut-off frequency 
of one Hz was employed to essentially filter out the unsteady 
velocity contribution of the Strouhal  vortices.    Figure 4.5 
shows the results, which essentially represent only the contri- 
bution of the higher frequency (smaller scale) boundary layer 
turbulence.    The true turbulence component of the velocity fluc- 
tuations clearly indicates a decay and lateral spreading with 
increasing distance from the trailing edge.    The area bounded 
by the center!ine and Y=2, corresponding to the edge of the 
initial boundary layer, is the most affected by the interaction 
between the Strouhal vortices and the smaller scale turbulence. 
Note that,the peak turbulence intensity occurs at Y=0.0 at X=4, 
rather than Y=l, as it did for the total turbulence intensity 
profiles  (figure 4.4).    Note also the similarity of the profiles 
in Figure 4.5, particularly that measured at X=4, to the flat 
plate turbulence intensity profile measured at X=-3 (figure 4.1b). 
By means of a mean square differencing technique, the small 
scale turbulence component (figure 4,5) was subtracted from the 
total turbulence intensity (figure 4.4) to yield the effective, 
turbulence intensity or unsteadiness due to the shedding behavior 
alone.    This equation takes the form of: 
o 
o 
x 
o 
CO 
E 
CM 
00 
"I  T "'■      1 r     T— .""1 T    -T 1 
UD 
- 
;£ 
•^ ■ 
c 
CM 
] 
• 
D 
O 
D 
O 
O 
• a 
I 
CO 
i A A    6 
@ 
• 
to - 
A 
D    O A 
°    A 
CM 
■ 
 i  i       i 
D 
1              1 ?i 9 6 : 
0.0  0.5  1.0  1.5  2.0  2.5  3.0  3.5  4.0  4.5  5.0 
FIGURE 4.5 TURBULENCE INTENSITY PROFILES IN THE WAKE OF 
ROUND TRAILING EDGE WITH LOW CUT-OFF FREQUENCY 
OF 1 Hz. 
□   X = 4.0, O  X = 8.0,   A  X = 12.0 
Re. = 7.6 x 10b, Re. = 1.62 x 103 
L {-; ° 
-99- 
-n O >—* 
o 
cz 
73 
m O In 
-p» 
en 
73 D o 
-n 
73 —1 
O c: 
cz 73 
0 
ii 
—■ 2  CO 
a cz 
•^j X re t— • 
* SJ —1 m en 0~l II • 73 zz. 
3> 0 X 
-fc> 1—1 rn 
o 
CT' 
o 1—1 1—1 to « 
- 2: ^ O 
en —1 
m 
73 
(V 
o 
- 
NSITY
 
EDGE
 
^< 
JO 
In 
II X :- 1—1  TJ 
-- 
II —1 73 
zc 0 CH 
a> CO T1 r~ 1—1 b ro o 0 1— 
X 
o 
Co t> 
X 
II 
ES
 
IN
 
THE
 
WAK
 
W
 
CfUT-OFF
 
FRE
 
04 
In 
b 
 , 
0 m 
cz ■■    - ^ 
1\J m 0 
2: -n 
In 
o 0 
-< 
2 4 
T—1—r—■—1—■—\ 
-     □ 
-a 
-DD 
-0D > 
D> 
(Urms/Uo x 100) 
6 8      •   10 12 _   14 
>■ Q ■  1 a 1 
a 
o > 
o > 
>  o 
on 
00 
t© 
16 
"1—r 
18 
T 
20 
J 
en I       l J 1 L J 1 I 1 L J 1 I u 
n 
) 
-*3 
[-4P-]-    - c(-ff^)    - (-S^)    f 
o   shed o    tot o    turb. 
The results, shown in figure 4.6, are essentially the contri- 
butions to the turbulence intensity due to the large-scale 
periodic shedding.    These profiles clearly illustrate that 
peak intensity locations shown in figure 4.4 are the result of 
the vortex shedding.    These peak intensity locations remain 
essentially the same for figure 4.6    as for figure 4.4.    At the 
X=4 station, figure 4,6 reveals a maximum turbulence intensity 
of 15.5% of the freestream velocity in the neighborhood of Y=l 
which is essentially the same value determined by Bloor & 
Gerrard (1966) in >a cylinder wake with an initial  laminar boun- 
dary layer at X=4.    Figure 4.6 also shows a turbulence intensity 
profile obtained by Bloor & Gerrard (1966) at X=12 with Red = 
l.exlO4 in the wake of a circular cylinder.    From figure 4.6. it 
appears that the effect^of an initially thick turbulent boundary 
layer is to rapidly reduce the contribution of the shedding to 
the total turbulence intensity with distance into the wake. 
Note that the study of Bloor & Gerrard (1966)  indicates that 
the peak intensity was not significantly affected by increase 
of the Reynolds .number from 2000 to 1.6X1014.    Thus it appears 
the differences between the shape of the two X^12 intensity 
profiles of figure 4.6 are not related to Reynolds numbers. 
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Furthermore, figure 4.6 illustrates that the effect of the 
shedding on turbulence is minimized along the centerline. Com- 
parison of figure 4.6 with figure 4.4 indicates that the 
shedding component on the centerline is 60% of the local total 
intensity (36% of the fluctuation energy), at X=4 reducing to 
3&% (12% of the fluctuation energy) at X=12. 
Comparison of the three previous figures allows two broad 
conclusions to be drawn. First, the outward movement of the 
point of maximum total intensity is due to the vortex shedding. 
Second, the elevated turbulence level and the consequent rapid 
spreading of the wake results from interaction of upstream turbu- 
lence structures with Strouhal vortices. 
4.2 VISUALIZATION STUDIES 
As discussed above, vortex shedding behavior plays a major 
role in the development of the turbulent wake. It was observed 
that the shedding displays the characteristics of a Von Karman 
vortex street. Unfortunately, due to limitations caused by 
the large physical extent of each vortex, visualization of the 
entire vortex street by hydrogen bubble-wire technique proved * 
impractical. The presentation of a picture showing the entire 
vortex street or even the downstream development of a single 
vortex was not feasible due to both the extent of the wake and 
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the limited spatial range of the bubble-wire technique.    Figure 
4.7 is a schematic representation of the observed vortex shedding 
process which illustrates the formation of discrete vortices, 
downstream development of the shedding behavior, and the rapid 
spreading of the wake (the coherency of the Strouhal vortices 
is slightly exaggerated).    The scales shown in this figure are 
determined from the visualization data.    For example, the maximum 
extent of the disturbance in the normal direction was obtained (to 
from side-view visualization data taken at a number of stream- 
wise locations.    The lateral extremes for which bubble-line 
deformation could be observed was then regarded as the edge of 
the wake.    In figure 4.7 the edge of the wake is determined by 
connecting the actual visualization data defining the wake width 
at each streamwise location. 
A complicated flow picture is expected in the vicinity of 
the trailing edge.    Figure 4.8 was developed after a detailed 
study of all  the side and top-view visualization data.    This 
figure is intended to provide an overall  impression of the flow 
behavior in the neighborhood of the trailing edge.    When it 
encounters the trailing edge, the boundary layer flow separates, 
creating a region of recireflation with either negative or zero 
mean velocity.    An unsteady separation region is observed behind 
the trailing edge, which extends  approximately three boundary 
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Figure 4.7    Side-view schematic of wake development for 
circular trailing edge. 
layer thicknesses downstream at its maximum extent (see figure 
4.8).    The unsteadiness created by the periodic vortex shedding 
causes pronounced oscillations of the entire flow field.    A 
more detailed explanation on the unsteady behavior of the separ- 
ation bubble will follow in section 4.2.1a.    In the remainder 
of this chapter each of the regions shown in figure 4.8 will 
be discussed in detail.    In addition, the observed downstream 
development of the wake up to X=12 will be commented on. 
4.2.1    SIDE-VIEW HYDROGEN BUBBLE-WIRE VISUALIZATION 
Most of the visualization data for the wake was obtained 
from side-view pictures, employing a horizontal bubble-wire 
of span AY=4.    A schematic of the probe supporting this wire 
was shown previously in figure 2.6a.    Visualizations were done 
at stations located X=0.25 apart up to X=3, and subsequently 
at X=4, 8j and 12 downstream of the trailing edge.    At each 
visualization location the hydrogen bubble-wire was positioned 
such that the edge of the wake could be clearly visualized and 
determined.    From the side-view visualization data the extent 
of the separation bubble and downstream development of the 
merging boundary*layers was established.    The presentation of 
these results is basically subdivided into two regions: 0<X<3, 
and X>3. 
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Figure 4.8 Flow behavior in the vicinity of the trailing edge 
4.2.1a    VISUALIZATION STUDIES FOR 0<X<3.0 
One of the effects of curvature at the trailing edge is 
to impose a strong adverse pressure gradient on the flow which 
results in a relatively sudden separation of the flow from the 
surface.    Quantitative flow visualization measurements of flow 
separation behavior in the vicinity of the rourid trailing edge r~* 
allowed development of figure 4.9, which illustrates the extent 
of the separation bubble.    The visualization data revealed that 
the opposing boundary layers detach between -0.84375<X<-0.9375 
(93.6°<e<<990 for orientation of e see figure 4.14), and merge 
again between 1.5<X<3.  The extent of the separated region  (figure 
4.9) was  determined by locating the horizontal  hydrogen bubble- 
wire at distances progressively farther downstream from the 
trailing edge.    The last point at which any back flow could 
be detected was considered the point of rear boundary layer mer- 
ger.    The dimensions in figure 4.9 were determined as accurately 
as possible from the visualization data, and represent the quali- 
tative behavior and quantitative extent.    The solid line in 
figure 4.9 shows the minimum extent of the reversed flow separ- 
ation bubble as determined from the visualization data.    The 
instantaneous velocities  in the region bounded by this  line 
were always zero or less.    The vortex shedding caused a cross- 
wake oscillation of the entire wake, with a decreasing oscilla- 
tion amplitude as distance from the trailing edge increased. 
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Furthermore, it was observed that the instantaneous separation 
bub.ble oscillated in the xy plane under influence of the vortex 
shedding.    The dashed-line of figure 4.9 indicates the extent 
of the cross-wake oscillation of the separation bubble, with 
the shaded area indicating the region within which the instan- 
taneous velocity is zero or lesslluring any part of the vortex 
shedding cycle.    Outside of thisMa^hed line the    instantaneous 
flow was always positive over the entire^fedaing cycle. 
The observed periodic vortex shedding with a frequency 
"N of 0.6 Hz yields a Strouhal number of 0.21, comparable to that 
for flow over cylinders.    However, because of a thicker and 
more developed boundary layer prior to separation, the turbulence 
characteristics behind a flat plate are markedly different 
than those encountered in the wake of circular cylinders (see 
section 4.1).    The qualitative observations of the vortex shedding 
phenomenon near the plate revealed the following: 
1-Within the separation region it was observed 
that the recirculating flow marked at X=0 
will  not penetrate forward to the initial 
point of separation at X=-0.9375. 
2-The Strouhal  vortices transport the fluid ■* 
from each side of the plate well  into the 
opposing shear layer. 
3-The boundary layer turbulence flow structures 
in the shear layers separating from the plate 
undergo a strong stretching and compression 
process due to the vortex shedding. 
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4.2.1a-l    UPSTREAM PENETRATION OF THE BACK-FLOW 
Although the flow initially detaches at X=-0.9375, flow 
visualization studies performed along the arc of the circular 
trailing-edge indicated that hydfogen bubbles flow markers 
introduced at X=0 would not penetrate back upstream to the initial 
separation point.    The last upstream position where the back 
flow marked at X=0 could be detected is approximately e=116° 
(see sketch).    At this  location, the visualization medium moved 
outward and was entrained into the outer downstream flow region, 
and transported downstream.    This  lack of upstream penetration 
to the initial  detachment point indicates potential existence of 
a stagnation bubble downstream of the initial  separation point. 
It was necessary to use a vertical bubble-wire to examine the 
existance of such a. region since a horizontal bubble-probe could not 
be used for visualization near the surface.    As will be presented 
in more detail  in section 4.2.2a, the plan-view results  do indi- 
cate the presence of an apparent stagnant bubble between 101°<*< 
110°. 
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4.2.1.a-2    RECIRCULATING FLOW PENETRATION ACROSS THE WAKE 
As is the case for many other bluff body trailing edge geo- 
metries, there is a strong transverse transfer of fluid across 
the wake.    This transport of fluid across the center!ine can be 
observed in figure 4.10a.    A schematic (figure 4.10b) is provided 
to further illustrate flow interaction in different parts of the 
Strouhal vortex in the zones under consideration.    In this figure 
note the regions indicated as the "head" and "tail" of the vortex. 
Two characteristic effects are observed.    First, as the "head" 
of the vortex penetrates toward the opposing side of the wake, it 
causes a local deceleration of the flow (this can be established 
from the behavior of the bubble-lines when viewed in slow-motion 
replay).*   Significant penetration of the shed vortex across the 
centerline results in its interaction with the opposing shear 
layer; this cross stream penetration also causes the disturbances 
generated by this interaction to move outward into the potential 
flow region.    Naturally this process is symmetric, and is the 
primary cause of the rapid spreading of the wake.    Second, as a 
* 
Recall  that the bubble-lines are time-lines.    If the generation 
frequency of these lines is the same as the video recording. 
frame/second frequency (120 in this case), when viewed in 
dynamic replay, the time lines for an undisturbed, non-accelerating 
flow appear stationary.    A deceleration is established by the 
lines appearing to move backward; during an acceleration the 
lines appear to move forward. 
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Figure 4.10    a)  Side-view visualization of vortex shedding  in the 
wake of the circular trailing edge, 
b)  Schematic of effects of vortex shedding on  the 
wake immediately behind the trailing edge. 
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vortex is shed, it entrains the flow.from the same side shear 
layer into its "tail", causing a local acceleration, even in the 
regions of negative mean velocity. 
4.2.la-3 STRUCTURES WITHIN THE SEPARATED SHEAR LAYER 
At the shear layer interface between the freestream and the 
separation region, commonly referred to as the separated'boundary 
layer, a series of small scale structures were observed which 
changed in characteristics according to which side of the plate 
the vortex was shedding from'. A sequence of four still pictures 
of the small scale structures observed in selected portions of 
the formation process are shown in figure 4.11. The schematic 
diagrams accompanying the photographs illustrate the position of 
the vortex with respect to the trailing edge. As will be shown, 
the small scale, three-dimensional structures riding on the peri- 
meter of the "head" of a vortex are significantly different than 
those in the "tail". 
Figure 4.11a and b show the disturbances which have a motion 
toward the centerline. Figure 4.11b is obtained At = 0.19 
(t* = At/T ) later than figure 4.11a. As a developing vortex 
rotates inward it causes a stretching of smaller scale flow 
structures along an axis approximately perpendicular to the mean 
flow direction. This creates the appearance of "folds" in the 
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Figure  4.11     Side-view  visualization of small  scale structures   ridinq  in perimeter 
of Strouhal  vortex, 
(note t*=t/ts) \.i 1 yo 
=   170,  HBf =  60 Hz,  Strouhal   period  -  1.62 sec, 
bubble-lines normal to the mean flow, apparently caused by thp 
stretching of vortices with their axes in a direction normal to 
the flow direction. The inward rotation of the Strouhal vortex 
apparently stretches these vortices, amplifying their presence. 
One such "fold" due to this stretching is shown in figure 4.11a 
(at AA). Other such "folds" can be observed on the otherwise 
undisturbed bubble-line surface in 4.11b. 
Along the "tail" of the shed vortex, the disturbances have 
a more streamwise orientation.    This region is dominated by small 
scale streamwise vortices arising from the streamwise stretching 
and amplification of pre-existing flow structures in the initial 
turbulent boundary layer by the rotation of the Strouhal vortex. 
The separation region under these circumstances becomes relatively 
thin, and an apparent coalescence between adjacent streamwise 
vortices is evident.    Some of the bubble-line patterns created    ' 
by the streamwise structures observed in this region are illus- 
trated in figure 4.11c, and d. „ The time lapse between the two 
figures is t    =0.26.    A strong interaction between the small 
scale,structures is apparent in the "tail" of the vortex.    These 
disturbances generally scale as AX = 180+. 
X   = x-Ur/v, and UT is the friction velocity on the wall prior 
to the separation. 
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The development of small scale disturbances in the separated 
boundary layer is not due solely to the disappearance of the wall. 
Many of the disturbances are reminiscent of the disturbances 
observed in the turbulent boundary layer. Because of wake vortex 
stretching due to the shedding of Strouhal vortices, the upstream 
turbulence structures become rapidly involved in the wake mixing 
process. The disappearance of the wall and the type of trailing 
edge geometry, however, influence the shape of the small scale 
structures observed in the wake. One such structure, commonly 
reported in the separated boundary layer of the wake of circular 
cylinders, is small scale secondary transverse vortices, These 
structures are commonly referred to as transition waves (Bloor 
1964) or secondary vortices (Wei 1982). Previous investigations 
show that for Reynolds numbers in the transition range, the 
"secondary vortices" are detected in the wake of circular cylin- 
ders. In the present investigation, due to the existence of a 
turbulent shear layer, it was hard to distinguish these vortices 
in the visualization pictures. However, the effect of the secon- 
dary vortex roll-up could be observed on the free-surface of,the 
water channel. Employing dye injection on the free surface, it 
was apparent that the axes of rotation of these vortices were 
parallel to the plate surface.  Each vortex appeared to be riding 
on the perimeter of a Strouhal vortex, and was carried downstream 
with it. 
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The operating velocity was reduced in order to facilitate 
clear identification and visualization of these secondary vor- 
tices. Clearly, the new flow conditions, especially the approach- 
ing boundary layer, had new characteristics. At a freestream 
5 * 
velocity of 6.1 cm/sec (ReL = 1.6x10 ) a transition boundary layer 
which was about 3.2 cm thick at the trailing" edge was obtained. 
The apparent transverse structures were observed to behave in a 
manner similar to the secondary vortices.    The existence of 
these vortices in the transition range is expected and consistant 
with previous investigations.    However, their presence in the tur- 
bulent wake is unexpected.    Further observations of the occurrence 
of these secondary vortex structure for Re|_ = 1.6xl05 are pre- 
sented in Appendix C. 
4.2.1b    VISUALIZATION RESULTS FOR 3.0<X<12.0 
Visualization studies beyond X=3.0 were basically limited 
to three streamwise locations (X=4, 8, and 12).    The short seg- 
ment anemometer signals, which were presented in figure 4.3 prompted 
the visual examination of the flow characteristics at .these sta- 
tions.    The horizontal, bubble-wire probe was off-set from the 
centerline to allow visualization out to the edge of the wake. 
The results clearly show the "engulfment" of the boundary layer 
turbulence by the large scale periodic wake structure, as was 
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speculated from the hot film results.    As each vortex is shed, 
the turbulence structures within the separated turbulent boundary 
layer are swept toward the wake centerline, followed by the 
inflow of a region of undisturbed flow from the free-stream 
(hereafter referred to as the "laminar cell").    The region up- 
stream of the "laminar cell" was affected by entrainment of tur- 
bulence from the opposing side of the" wake.    Qualitative evalua- 
tion of the visualization data further clarified the hot film 
results of figure 4.3. Generally, it was observed that as the 
bubble-wire and the field-of-view were located further downstream 
of the trailing edge, the extent of the laminar cells increased 
in both size and percentage of the Strouhal cycle they occupied. 
While examining the visualization data, it was observed 
that a strong streamwise stretching process takes place creating 
small-scale streamwise structures upstream of the "laminar cells"; 
in contrast, a process of cross stream compression stimulates 
the formation of small-scale, spanwise structures downstream of 
the "laminar cell".    A crude schematic representation of these 
structures is shown in figure 4.12a.    At a given location (e.g. 
X=4), different regions of the Strouhal  vortex pass through the 
viewing window depending on the phase of the Strouhal  cycle. 
Figure 4.12a shows the behavior observed for a vortex generated 
in the portion of the wake above the centerline.    The undisturbed 
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Figure 4.12    Side-view illustration of small-scale disturbance 
detected between  3<X<12 Xwire=8. , Ywjre=2.    a)  Schematic  represen- 
tation of these disturbance in relation to a  "laminar cell", 
b) Spanwise oriented structures  downstream of a  "L.C.",  and 
c) Streamwise oriented structures  upstream of a  "L.C.". 
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lines represent some of the bubble-lines indicating the presence 
of a "laminar cell". The dashed-line and solid line rectangles 
indicate the fields-of-view relative to the laminar cells of 
ictures shown in figures 4.12b and 4.12c respectively. For 
X>3, a periodic generation of small-scale structures on the inter- 
face between the outer potential flow and the wake was observed. 
These structures were random in nature, and apparently generated 
as a result of the vortex shedding process. 
Figure 4.12b is a still picture obtained at X=8 and Y^2 
(dashed-line box of figure 4.12a), of the flow structure typically 
observed in front of the "laminar cells". From detailed examin- 
ation of the video sequences, it was observed that the potential 
flow was entrained toward the centerline as a Strouhal vortex was 
shed, and subsequently intracted with the turbulent wake. The 
rotational motion of the Strouhal vortex caused a local flow 
retardation in front of the penetrating "laminar cell". This 
retardation appeared to have a strong stretching effect on the 
small scale flow structures at the interface between the laminar 
cell and the turbulent wake, causing the development of a cross- 
stream orientation of these structures. The visualization data 
revealed that the disturbances detected downstream of the laminar 
cells, such as those shown in figure 4.12b, rotated primarily in 
the spanwise direction. 
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A clear example of how vortex stretching and small scale 
structures contribute to the mixing process was observed upstream 
of the "laminar cells".    Figure 4.12c is a typical picture of 
the bubble pattern created by streamwise oriented structures 
observed in the region corresponding to the solid-line box of 
figure 4.12a (at X=8   and Y-2).    It was observed that immediately 
upstream of each laminar cell  coherent, streamwise oriented 
structures exist for At    = 0.154 of the Strouhal shedding.    The 
streamwise orientation of these structures is then disrupted as 
disturbances from the opposing shear layer move across the 
centerline and interact.    The small streamwise structures appear 
similar to the long filaments of dye which appeared to connect 
adjacent Strouhal vortices of like rotation as observed by 
Gerrard (1978). 
From the combined study of side and plan-view visualization 
data it can be concluded that vortex stretching by Strouhal vor- 
tices of like rotation results in the formation of such stream- 
wise oriented structures.    Figure 4.13 is a simplified schematic 
which shows both side and oblique views of the stretching effect 
of Strouhal vortices of like rotation.    The fluid between these 
vortices  (lying on a saddle point)  is stretched in opposing 
directions, which causes both elongation of flow structures and 
vorticity intensification along the axis of stretching.    This 
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stretching process, as shewn in the present study, can cause selec- 
tive stretching of the pre-existing turbulence structure which 
amplifies the vorticity in the direction of the stretching, while 
compressing the vorticity in the direction normal to the direc- 
tion of stretching. 
4.2.2    PLAN-VIEW HYDROGEN BUBBLE-WIRE VISUALIZATION 
The transverse variation of the localized flow behavior at 
a number of different x   and y locations was visualized witn a 
bubble-wire oriented parallel to the surface of the plate as 
shown in figure 3.0b.    The plan-view visualizations were effective 
in determining the separation points, regions of back flow, and 
disturbance length scales near the trailing edge, as well as the 
transverse variation of flow characteristics.    However, there 
were two problems encountered in taking the plan-view pictures: 
1) lighting limitations due to fabrication irregularities within 
the round trailing edge part of the plate, and 2) a forceful 
flow oscillation across the wake.    A further explanation follows. 
In chapter two it was mentioned that to insure a better con- 
tact between the test section and the channel  floor,  rubber strips 
were attached to the surface of the test section contacting the 
channel  floor.    Attachment of the opague rubber li nil ted the 
effective oblique lighting of the bubble-wire near the trailing 
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edge. • Moreover, to achieve the desired trailing edge thick- 
ness the round trailing edge was fabricated from a sandwich com- 
posed of several thicknesses of plexiglass sheet.    Unfortunately, 
air bubbles trapped between the sandwiched plates during the 
gluing process caused irregular bright reg°ions to appear in the 
background of the visualization picture.    This reduced the possi- 
bility of obtaining high quality pictures very near the wall 
between X=-1.75 to X=-0.5625.     Finally,  for X>0 the periodic wake 
caused the bubble-sheet to move significantly back and forth 
across the wake. "The lighting-related difficulties can be elim- 
inated in future studies.    However, the latter problem is a prop- 
erty    of the.flow, and thus care must be taken in interpreting 
the plan-view visualization data obtained for X>0. 
4.2.2a    PLAN-VIEW VISUALIZATION NEAR THE TRAILING EDGE 
The bubble-wire locations and regions which were visualized 
in the vicinity of the trailing edge are indicated in figure 4.14. 
The black dots  in this figure indicate the  individual   locations 
where bubble-wire visualizations were done.    The areas indicated 
with arrowheads correspond to the visualization stations for which 
photographic results are presented, and which will be discussed 
in this section.    This figure also illustrates the orientation 
of the coordinate e which is used to indicate locations along 
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Figure 4.14   The vertical bubble-probe locations where visualization studies were done. 
the arc of the cylindrical trailing edge,    e = 90 degrees at 
the tangency between the arc and the flat plate, and increases 
in a clockwise direction. 
Upstream of the trailing edge, before trailing edge curvature 
effects are encountered,-the plan-view visualizations are identi- 
cal to those previously obtained for a turbulent boundary layer 
over a conventional  flat plate (see Smith & Metzler,  1983),.    Close 
to the wall, Y+<40, a region of streamwise oriented low-speed 
streak structures is observed.    Farther away from the wall, the 
streamwise orientation of the flow structures is reduced and 
transverse structures become more dominant.    Continued outward 
movement of the bubble-wire results in observation of larger and 
larger length scale disturbances,eventually terminating in the 
observation of an intermittent flow (at the edge of the boundary 
layer).    However, as the bubble-wire is moved closer to the 
trailing edge (e.g.   X=-l,  -0.6875, 0.0) the visualization data 
reveal a strong entrainment of the boundary layer toward the 
center!ine caused by the vortex shedding process. 
As the bubble-wire was moved downstream parallel to the 
original  edge of the boundary layer (increasing x direction), 
less  distortion of the bubble sheet was detected.    For example, 
the qualitative observations at Y=2 and X=-0.25, 0.0 indicated 
slight reductions in the boundary layer thickness, evidenced by 
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continuous uniform bubble-line patterns.    In the mean sense, for 
approximately X=l an entrainment of the boundary layer toward the 
centerlinewas still detected.    Beyond X=l the inflow from the 
opposing side of the wake results in outward spreading of the 
wake beyond the initial  location of the edge of the upstream 
boundary layer.    The continuous entrainment of the boundary'layer 
toward the center!ine further emphasizes the role which vortex 
shedding plays in rapid "involvemefft" of the upstream turbulence 
in the wake mixing process. 
Utilizing a bubble-wire AZ=4 wide oriented parallel to the 
wall,  as shown schematically in figure 3.0b, flow behavior in 
the region of the separation point was closely studied.    The 
bubble-wire was originally placed at X=-l  on the flat plate, 
very close to the wall.    It was then moved downstream in incre- 
ments of AX=0.03125 while the wire was kept essentially on the 
surface,  until  a region of incipient back flow was observed. The 
X location was then  reduced further until  the initial  location 
where the flow exhibits continuous* separated behavior throughout 
the shedding cycle was established.    Due to the effect of the 
periodic shedding in the wake, the separation point moves periodi- 
cally back and forth over the trailing edge surface, creating a 
condition of periodic, incipient detachment.    The farthest 
upstream location at which incipient flow separation was first 
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encountered corresponds to (6=93.6°), with the point "of detach- 
ment varying over the range 93.6°<e<99° depending on the phase 
of the Strouhal cy,cle  (initiation of the curvature is e=90°; 
see figure 4.14). 
To further study the dynamics of the flow separation process, 
a series of visualizations were done with the hydrogen bubble-wire 
systematically located at a number of positions along the arc 
of the circular trailing edge and at several  different distances 
above the surface  (as  indicated in figure 4.14).    Figure 4.15, 
is a plan-view sequence taken with the wire located just above 
the surface of the plate at e=99c.    This sequence illustrates 
the passage through a cycle from the maximum boundary layer 
retardation  (figure 4.15a) to maximum acceleration (figure 4.15c) 
and reappearance of retarded regions  (figure 4.15d).    As shown 
in figure 4.15a, the boundary layer exhibits an organized,  span- 
wise pattern with clearly observable "pockets" of stagnant flow 
(the dark regions  adjacent to the wire),  interspersed by regions 
of downstream flow.    This unusual  pattern is the apparent result 
of the low-speed streaks in the near-wall  of the original  turbu- 
lent boundary layer being retarded to stagnation by the adverse 
pressure gradient.    As the wake begins to shed on the side on 
which is being viewed, the pressure gradient is relieved, and 
as can be seen in the remaining three pictures of figure 4.15, 
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FLOW 
BUBBLE-WIRE 
TRAILING EDGE 
T=0.0 
AZ+=120 
T=0.15 
T=0.50 
T=0.90 
Figure 4.15    Top-view bubble-wire visualization of the decelerating- 
accelerating flow in the incipient boundary layer 
separation region.  Wire just off the wall  and 9° 
downstream of tangency  between flat plate and circular 
trailing edge Strouhal   period      =  1.62 sec. 
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the boundary layer penetrates further downstream and the conven- 
tional  low-speed streak pattern returns  (figure 4.15d).    The 
alternating upstream-downstream pattern shown in figure 4.15 is 
typical of the type of pattern   which is observed neat   the surface in 
the region of initial separation ,93.6°<e<99°. 
The symmetry of the stagnant pocket pattern is clearly shown 
by a  less magnified view in figure 4.16a (e=97.2°, near the wall). 
For comparison, in figure 4.16b a picture of the low-speed streak 
pattern developing beneath the upstream attached, turbulent 
boundary layer (at X=-4)  is shown for the same conditions,  and 
magnification of figure 4.16a.    Figure 4.16a illustrates that 
the stagnant pockets, which are regions of negative or very small 
positive flow, are separated by zones of forward moving flow 
(bright regions).    The presence or absence of these pockets is 
dependent on the influence of a periodic pressure gradient created 
by the vortex shedding from the side being viewed (as discussed 
earlier).    The phase of the pressure gradient fluctuation causes 
the flow to be alternately accelerated or decelerated, which 
causes a periodic enhancement or degeneration of the observed 
stagnant pockets.    The low-speed streaks are, on the other hand, 
very organized, stable structures which appear beneath the turbu- 
lent boundary layer in the vicinity of the wall  at Y <40.    Figure 
4.16a,  and b clearly illustrate the spanwise symmetry which exists 
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BUBBLE-WIRE 
AZ+=100 
'inure  4.16    Far field plan-view photographs  showing a)   stagnant 
"pockets'"   inincioient boundary  layer separation,  wire 
location  same  as  Figure  4.15,  b)   iZw-speed streaks 
just above  the surface  ana upstream of separation 
ooint F.m = 120 Hz. 
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near the wall for both the low-speed regions and the stagnant 
pockets. 
-■   It seems clear from figure 4.15 and 4.16 that the low- 
speed streak regions must give rise to the stagnant pockets 
developing at the point of incipient separation.    This transfor- 
mation from low-speed streaks to stagnant pockets is caused by 
the periodic variations in the adverse pressure gradient at the 
trailing edge which create significant changes  in the near-wall 
flow patterns.    The visualized stagnant pockets develop from 
low-speed regions which experience the strongest and most rapid 
retardation by the positive pressure gradient.    This point is 
INITIAL   LOCATION 
LOW  SPEED   STREAKS 
BUBBLE-WIRE 
Figure 4.17    Effect of pressure gradient on velocity field, 
particularly on low-speed streaks. 
r* 
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schematically illustrated in figure 4.17, and in a crude sense 
can be approximated mathematically by the simplified, one- 
dimensional Euler equation, written in the form 
As this equation indicates, at a given location for a constant 
value of dp/dx, the variation of du/dx is greatest for the 
lowest values of local mean velocity IU    Thus the low-speed 
streak regions will be decelerated to a stagnant condition much 
more quickly than the flanking higher-speed near-walInflows, 
yielding the stagnant pockets in staggered streak-like order as 
illustrated schematically by figure 4.17 and shown pictorally 
in figures 4.15 and 4.16. 
When the bubble-wire was kept near the surface and moved 
along the arc of the circular trailing edge, a bubble of essen- 
tially stagnant fluid was detected downstream of the separation 
point between 101°<e<110°.    The apparent location of the stag- 
nant bubble is shown in figure 4.14.    The stagnant behavior in 
this region is manifested by both the formation of large hydro- 
gen bubbles on the wire,  and the predominantly upward motion of 
clusters of bubbles due to buoyancy effects.    Basically, the 
bubbles were observed to rise,  and then move up and out of the 
field-of-view.    Although a very small  downstream movement of the 
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hydrogen bubbles was observed, qualitative studies revealed that 
the streamwise component of velocity, between 101°<e<110° (near 
the surface Y+<20) was essentially negligible.    Therefore, it 
appears that.a stagnant separation bubble exists within this     \ 
region, remaining essentially fixed during the shedding cycle. 
4.2.2b    PLAN-VIEW VISUALIZATION FOR X>3.0, 0.0<Y<5 
The downstream development of the wake beyond the separation 
bubble was examined across the wake at three downstream locations. 
These locations were selected to correspond to those examined 
in the side-view studies (x=4, 8, and 12).    Consistent with pre- 
vious results, a rapid spreading of the wake   and entrainment of 
the potential  flow by the vortex shedding was observed.    Further- 
more, it was observed that an oscillation normal to the plane of 
the mean flow influenced the visualization data by sweeping the 
bubble-lines in and out of the observation field-of-view.    In 
this complicated flow picture, which consists of a very strong 
vortex shedding process interacting with a separated turbulent 
shear layer, streamwise vortex structures were the most detectable 
flow structure, and appeared to play a key role in the mixing 
and development of the wake. 
A streamwise disturbance which looked very similar to a 
mushroom-like structure commonly assumed to be a manifestation of 
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counter-rotating, streamwise vortex pairs, was a frequently 
observed pattern in the wake.    This structure was generally vis- 
ualized most clearly at Y=l  (even with the edge of the plate). 
A typical photograph of these types of patterns, accompanied by 
a schematic indicating the locations of the secondary vortices, 
is shown in Figure 4.18.    This figure illustrates what appear to 
be the mushroom patterns created by the presence of streamwise 
vortex pairs.    These structures appear.spanwise along the length 
of the bubble-wire, and they seem to move in front of a region 
of undisturbed flow.    The existence of such structures is a good 
example of the development of small scale mixing in the turbulent 
wake.    Interestingly, Gerrard (1978) in his dye visualization 
investigations of the wake of a circular-cylinder at very low 
Reynolds numbers, reported the occurrence of a similar spanwise, 
cellular behavior which he named "knots". 
Wei  (1982) in near-wake examinations of circular cylinders 
in the transition range, observed a very coherent spanwise cellu- 
lar structure which he believes is essentially reflective of the 
same structures^as the Gerrard "knots".    According to Wei, the 
existence of this structure is the result of the amplification 
of an initial  perturbation of the spanwise vorticity present 
between developing Strouhal  vorticies  due to the stretching 
•135- 
Figure 4.18    Plan-view photograph along with a schematic illus- 
trating axial  vortex pairs  downstream of the circular 
trailing edge, Xwl>p=4, Yw,    =1,  F i re" wire' "HB: = 120 Hz. 
-136T 
~n 
—i. 
in 
c: 
-s 
fD 
-P> 
L_, 
oo 
r+ r-i- -o 
-$ -s   —' 
ai OJ  a> 
—*■ ■ r+  13 
i —i.   i 
—». 3    < 
3 m  -■• 
UD fD 
fD X 
a. -"•"a 
UD a>   ~r 
ro —• o 
■* 
< o X O  C.O 
s: 
-5    -S 1 —'• r+  cu 
—1 
-s fD "O 
OJ Q x  rr 
CTl II 
1 
-F*"o  ai 
■* QJ    —i 
-"•   O 
-<. 
"5   3 S to  tQ 
—t. 
1 CL   S 
fD O    -■• 
II £   r+ 
—i 3   3" 
■* 
"n 
-5 
re fD   to 
CO m  o 
II 3   =r 
—i fD 
ro O   3 
CD 
<-t- 
zn r+  -•. 
N c
 
illu
s
-
 
he
 
circu
la
r
 
undisturbed 
region 
streamwise vortex pairs 
CO 
c: 
cr 
cr 
_-^ 
fD 
i 
o 
s 
effects.    In essence, the perturbed vorticity lines or*|jfcei is 
stretched by the action of the Strouhal vortices, which causes 
an amplified deformation of the vorticity by self-induction, sub- 
sequently leading to the creation of the cellular spanwise struc- 
ture.    The Interaction between the deformed vorticity and the 
Strouhal vortex leads to stretching and amplification of the 
deformed spanwise vorticity into streamwise vortex pairs.    Wei 
further speculates that the existence of the vortices yielding 
the mushroom-like patterns plays an important role in transition 
from organized vortex streets to a turbulent wake.    Observation 
of these vortices in the present studies further suggests the 
importance of the formation of streamwise vortices on the mixing 
process. 
4.2.3    SUMMARY OF THE VISUALIZATION STUDIES 
Side and plan view visualizations using the hydrogen bubble- 
wire technique were done to investigate overall flow behavior 
in the vicinity of a cylindrical trailing edge of a flat plate. 
Figure 4.19 is a schematic representation summarizing the types 
of behavior observed.    At X=-0.9375 upstream of the tip, a 
periodic,  incipient separation point was first observed.    Further- 
more, within the separated region a passage from maximum boundary 
layer retardation  (which resulted in detaching, stagnant pockets), 
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Ups-tream b.l. Entrainment of b.l 
Toward Centerline 
Rapid Spreading 
of the Wake 
Streamwise Dominant 
Structures Due to Vortex 
Stretching 
2 X 
Figure 4.19 Detected flow characteristics in the vicinity of the 
circular trailing edge. 
>-" 
to a maximum acceleration (presence of the conventional low- 
speed streaks) was observed. The occurrence of the upstream- 
downstream behavior of the above event was observed to be due 
to a periodic vortex shedding with a Strouhal number of St = 
0.21. Downstream of the initial separation point, between 
101o<e<110° and below Y <20, an apparently stagnant bubble was 
found to exist with its presence seemingly not affected by the 
vortex shedding process. Bubble-wire placement within this 
region indicated a lack of any significant movement in the mean 
flow direction. 
The presence of a cylindrical trailing edge geometry caused 
formation of Strouhal vortices which displayed characteristics 
similar to the classic Von Karman vortex street. The passage 
of these vortices caused an entrainment of the potential flow 
toward and beyond the wake center!ine, creating isolated regions 
of unmixed potential flow within the wake which were termed the 
"laminar cells". The visualization data indicated that the extent 
of the laminar cells increased in both size and the percentage 
of the Strouhal cycle they occupied as the bubble-wire was moved 
downstream. 
Thp vortex shedding process strongly affected the small 
scale flow structure characteristics downstream of the trailing 
edge due to an induced stretching of pre-existent turbulent 
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boundary layer structure.    The Strouhal  vortices were detected 
up to the last visualization station (X=12), although their 
coherency and strength had decreased. 
In general, the vortex shedding exerted a tremendous influ- 
ence on the flow behavior, with their most important effects 
being to precipitate: 
1 - a rapid growth of the wake 
2 - an active merging of the two boundary 
layers by their entrainment toward the 
cent.e rl i ne 
3 - streamwise and cross-stream stretching, 
caused by like rotation Strouhal vor- 
tices, which results in small-scale 
mixing in the wake. 
The last effect is believed to have a dominant influence both 
on the mixing characteristics of a developed turbulent wake, and 
the transition from a laminar to a turbulent wake. 
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CHAPTER 5 
DISCUSSION 
5.1    GENERAL 
i 
The present experimental examination of the development 
of near-wake flow structure has revealed several characteristic 
effects of two extreme trailing edge geometries.    In. general, 
the flow behavior is strongly influenced by the presence or absence 
of separated flow in the wake.    The shape of the trailing edge 
drastically alters the wake growth and the mixing process; the 
variation in the modes of momentum and turbulence dispersion are 
rather marked.    The momentum deficit of the wake of the sharp 
trailing edge spreads very slowly due to the development of only 
small-scale mixing effects.    However, the wake of the cylindri- 
cal trailing edge spreads quite rapidly due to the development 
of the periodic shedding of large scale vortex structures which 
interact strongly with the separating turbulent boundary layers. 
In chapters three and four a broad discussion of the 
observed wake behavior for each geometry was presented in con- 
junction with the obtained results.    The present chapter pro- 
vides a more specific and detailed discussion of these results. 
The objective is to draw together information from the cumula- 
tive results which are felt to be important to future consider- 
ations of the flow behavior in the turbulent near-wake.    This 
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is done by correlation of the hot-film and flow visualization 
measurements with each other, as well as with selected results 
of previous independent investigations.    The following discussion 
concentrates on the following characteristics:    1) centerline 
velocity growth behind the sharp trailing edge, 2) comparable dif- 
ferences between the sharp and round trailing edge near-wakes, 
3) comparision of the results from the present study with measure- 
ments of both velocity and surface heat transfer obtained at 
United Technology Research Center (UTRC) for a similar trailing 
* edge geometry , and 4) effect of vortex shedding on induced 
oscillations. 
5.2 SHARP TRAILING EDGE 
The tapered trailing edge geometry allows a smooth merging 
of the two boundary layers, which interact in a narrow region 
referred to as the inner wake. The wake behind such tapered 
\  
geometries is known to evolve wery slowly (references   5 ,17 , 
*An independent study of flow behind a dynamically similar flat 
plate with a circular trailing edge was carried out in an open 
jet tunnel  facility at United Technology Research Center.    The 
plate used in that study is 5 cm thick, and 115 cm long.    Laser 
doppler velocimetry (LDV) was used for velocity measurements at 
a constant plate Reynolds number of ReL=4xl06.    Surface heat 
transfer near the trailing edge was also carried out using an 
infrared camera and an array of 20 thermocouples. 
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and 64). In the last references, Ramaprian et al. (1982) sug- 
gest that the wake development can be classified into three 
regions: 1) 0<x/eo<25, a near-wake zone of inner boundary 
layer mixing; 2) 25<x/e <350, an "intermediate" region where 
the large scale outer boundary layer structures interact (the 
wake in this region evolves as a free turbulent flow); and 
3) x/e >350, a far wake region where the flow characteristics 
are independent of the disturbances at the trailing edge and 
asymptotic far wake theories hold. The present wake study appears 
to support the classification of the first two regions, although 
the present results were limited to x/e <73. The present 
results clearly indicate that the wake growth is strongly depen- 
dent upon the interaction between different portions of the 
approaching upstream turbulent boundary layers, as hypothesized 
by Ramaprian et al. (1982). Moreover, the present visualization 
results indicate that a great deal of the,flow interaction occurs 
for 0<x/e <3, which suggests the importance of inner variable 
scaling. Consistent with this, the parameters presented in this 
section are normalized based on the classical inner scaling 
variable v/U  rather than momentum thickness. 
TO 
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5.2.1 IMMEDIATE EFFECT OF WALL DISAPPEARANCE, X+<270 
In the very  near wake region, immediately following termin- 
ation of the trailing edge,"the present visualization data clearly 
illustrate the immediate development of a three layer structure. 
<    This observed behavior is consistent with the model of Andreopoulos 
& Bradshaw (1980), developed from conditional averaging studies 
employing a tempe/ature contaminant. These layers include a 
region of intense mixing hear the center!ine sandwiched between 
the unmixed outer portions of the original boundary layers. Any 
interaction between the mixed and unmixed regions occurs at the 
interface between these layers. Furthermore, the mixed region 
only contains the small-scale, near-wall structures. 
The main contribution of the large scale, outer region 
motions of the initial boundary layers to the wake mixing pro- 
cess appears to be limited to a sporadic inrush of outer region 
fluid toward the centerline. In their hot-wire studies of a 
similar wake mixing process, Andreopoulos & Bradshaw observed 
occasional positive spikes of u1 interspersed with longer regions 
of small negative u' at the outer edge of the inner wake. The 
positive spikes, as speculated by the above authors, are consid- 
ered to be the result of this sporadic inward motion of the outer 
region fluid. The present visualization data (section 3.2.2a) 
illustrate the existence of strong inward movements of the 
outer region fluid toward the centerline, which can be detected 
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up to X+=270 downstream of the trailing edge.    The fronts of 
incoming fluid from the two opposing shear layers appear to give 
rise to coherent rotations oriented in the streamwise direction. 
However, the inrush of the flow near the sharp trailing edge does 
not seem to be comparable to the type of entrainment process 
associated with vortex shedding. 
Both the quantitative (mean and fluctuating velocity pro- 
files) and qualitative (visualization of low-speed streaks and 
outer layer scale similarities both in the wake and above the 
plate) data indicate that turbulent boundary layer flow structure 
characteristics do not change significantly with the disappear- 
ance of the wall.    This observation allows the liberty of assuming 
that as flow structures originating in the boundary layer pass 
into the wake, they are not significantly modified for some dis- 
tance downstream.    The observed inflows can thus be hypothesized 
as analogous to the "sweeps" of outer region, large-scale motions 
toward the wall which are typically encountered for turbulent 
flow over flat plates.    This process would promote the rapid 
near-wake velocity profile recovery in the neighborhood of the 
centerline, which of course would require such rapid inflows 
from the outer region.    The outward eruption of the wake inter- 
face (section 3.2.2a) toward and into the outer wake appears 
roughly similar to the turbulent "bursts" observed in turbulent 
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* 
boundary layers.   . Negative spikes of u'  detected near the edge 
of the inner-wake in the investigations of Andreopoulos & 
Bradshaw are also believed to be associated with the outward 
eruptions of fluid from regions near the wake centerline. 
In the mixing region immediately downstream of the trailing 
edge, longitudinally oriented small-scale structures (for all 
intents and purposes appearing to be the same structures as the 
near-wall low-speed streaks in the boundary layer) dominate the 
a- 
inner wake mixing.    Rapid growth of the wake in this region 
(X <270) is observed to be the result of interactions between 
these near-wall type structures.    The degree of streamwise orien- 
tation and coherence of these structures decreased with distance 
from the trailing edge.    The rapid decrease in the streamwise 
orientation of the flow structures appears to be a direct conse- 
quence of the rapid decrease of the streamwise velocity gradient 
in the immediate vicinity of the trailing edge for 0<X <270, 
and appears to be clearly coupled with a sustained reduction of 
wake spreading and recovery. 
* 
Since other meanings are associated with  "bursting", the author 
prefers the use of outward eruption of the wake interface. 
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5.2.2 CENTERLINE VS. TURBULENT BOUNDARY LAYER PROFILE 
The near-wake flow development immediately downstream of 
the trailing edge exhibits many striking similarities to the 
development of a turbulent boundary layer. The centerline velo- 
city growth is the best illustration of these similarities 
(figure 5.1). The centerline velocity recovers rapidly, for X *100, 
followed by a readjustment, region, after which the velocity behaves 
logarithmically for X >270. Both visualization data and hot- 
film measurements in the wake indicate striking similarities 
between the behavior along the Wake centerline and the velocity 
and flow structure development across turbulent boundary layers. 
Naturally, due to the strong similarity between the centerline 
and turbulent boundary layer velocity profiles, an analytical 
consideration of the near-wake flow based on a two layer turbu- 
lence model becomes quite appealing. Until recent yeras, the 
work of Chevray & Kovasznay (1969) was the only available experi- 
mental data on sharp trailing edge flows. A recent increase in 
available experimental data has provided the base for develop- 
ment of detailed analytical modeling of the-turbulent near-wake 
behind streamlined bodies at zero angle of attack. However, the 
number of analytical investigations is.still small and the quality 
limited. A detailed discussion on the present status of the 
analytical solutions and comparison with some of the existing 
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experimental data is given in Ramaprian et al. (1982). From 
their work* it is clear that the wake centerline veldcity 
behind a thin body can be adequately represented by a logarith- 
mic equation of the form UV =Cl*Lnf(x)+constant, for X >300. 
One of the most inclusive analytical investigations is 
carried out by Alber (1980) for the wake of a flat plate with a 
sharp trailing edge. Alber divided the wake into three regions: 
1) an inner laminar wake, 2) a turbulent wake which is  composed 
of both an inner, and outer wake, and 3) a far wake. Consider- 
ing the first region to be represented by a solution similar to 
the laminar solution of Goldstein (1930), and the far wake to be 
a single "Gaussian" layer, Alber concentrated primarily on the 
turbulent inner wake region. In the region 102<X <10\ Alber 
assumed that the turbulent velocities and scales are still of 
the same order as those of the logarithmic portion of the turbu- 
lent boundary layer at the trailing edge. Employing a linear 
form of eddy diffusivity, e=ky, Alber then obtained a similarity 
solution for the turbulent inner wake. His equation for the wake 
centerline velocity, accurate to the first order, takes the 
form of 
Uc_ + = l/k[Ln(g(x))-Y]+B (5-1) 
where g(x)  comes out of the analysis, and is a similarity func- 
tion,  k=0.41,  B=5,  and the Euler's constant Y=0.5772157.    This 
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equation appears to provide a perfect match of the Chevray and 
Kovasznay data for X >600. The prediction also appears to hold 
even for data beyond X =10\ which Alber originally had assumed 
as the upper limit. In fact, from the experimental data of refer- 
ences [5], [58], and [64] it is evident that the centerline 
velocity behaves logarithmically even beyond X =101+, although 
the logarithmic portion of the cross-stream velocity profiles 
appear to have become negligibly small. Further discussion of 
the behavior of the centerline velocity follows. 
Despite displaying good agreement with data of references 
[17]s [58], and [64], (see Ramaprian et al., 1982), Alber's wake 
centerline equation (5-1) does not agree particularly well with 
the data of Andreopoulos & Bradshaw (1980). Using a least squares 
regression curve fit, the centerline velocity of the latter 
authors can be represented by 
U(|_+ = 2.12LnX+-0.711 (5-2) 
This equation is incidentally different than that given by the 
* 
authors themselves in reference [5]  .    Again it is worth mention- 
ing that although the cross-stream profiles obtained by 
This equation is obtained by a curve fit of their data, which 
provides a better match to the experimental data than that 
given by the original authors. 
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Andreopoulos display essentially no logarithmic behavior beyond 
X =1.5jcl0'f, the center!ine velocity appears to behave logarithmi- 
cally even up. to X =4x10\ 
A comparison of the present center!ine velocity data with 
the aboye equations (5-1, 5-2) is shown in figure 5.2. As is 
evident from this figure, the present centerline velocity data 
(■■symbols) fall above the  Un values which would be expec- 
ted for the same X location using equations 5-1 and 5-2. This 
discrepancy is due to nondimensionalization based on a lower 
relative friction velocity than was used in the studies of Alber 
(1980) and Andreopoulos & Bradshaw (1980). Recall that for the 
present study a low initial U /U value was obtained due to the 
mild adverse pressure gradient which resulted from the tapering 
of the trailing edge of the thick plate (t/L=4.75%). Apparently, 
the Reynolds number does not directly affect the slope of the 
logarithmic region as evidenced by the close agreement between 
Alber's equation and three independent data sets (refs. [17], 
[58], and [64]) taken at different Reynolds numbers (see Ramaprian 
et al., 1982). To examine the arbitrariness of the normalizing 
velocity, the U  employed in normalizing the data of the pres- 
ent study was varied to establish an optimal match between 
Andreopoulos1 data and the present results. A friction velocity 
* 
of U =0.037 was determined to yield a close agreement between the 
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two data sets.    Equations 5-3 and 5-4 represent the curve fit to 
* * 
the present centerline velocity data using U =0.032, and U = 
0.037 respectively. 
.. + = 2.635l_n X+-1.75 " (5-3) 
U(L 
Uq_+ = 2.279Ln X+-1.85 (5-4) 
The logarithmic behavior of the centerline velocity is 
clearly evident from figure 5.2.    Ho*(|¥er, an unanswered question 
still remains as to whether the flow processes causing the velocity 
profile development in a turbulent boundary layer logarithmic 
region are similar or related to the processes causing the relax- 
ation behavior of the centerline velocity in the wake.    From 
both the visualization results (section 3.2.1) and hot-film data 
(figure 5.1) it appears that the growth in turbulence scales and 
flow structures along the   wake centerline is similar to that of 
the turbulent boundary layers.    In essence, the turbulence scales 
along the wake centerline appear to vary with x in a manner 
similar to scale variations with y in the boundary layers.    These 
observed similarities motivated a search for a crude transforma- 
tion which might collapse the boundary layer and wake center- 
line profiles onto one curve. 
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5.2.2a TRANSFORMATION OF Y+ TO X+ 
In order to coTlapse the boundary layer and center!ine 
data, a transformation is required to match the scale develop- 
ment in y for a turbulent boundary layer to the scale develop- 
ment in x for the wake centerline. It was empirically discovered 
that such a match could be approximately achieved if a simple 
+  + 
linear transformation were used of the form Y =KX , where K is 
a constant. Using K=0.1 the well established law-of-the-wall 
equation for a turbulent boundary layer, 
U* ] = 2.44 LnY+ + 4.9 (5-5a) 
can be modified to yield, 
Uq_+ = 2.44 LnKX+ + 4.9 (5-5b) 
This closely approximates the present centerline velocity for 
X>270, as illustrated in figure 5.4. 
Furthermore, the Y =KX transformation can also be used 
to collapse the linear sublayer of a turbulent boundary layer 
with the wake centerline data for X _<100. In figure 5.3, 
the very near wake centerline velocity data is plotted in com- 
parison with the linear sublayer data of Johansen & Smith (1983) 
which has been transformed using X =Y /K (K=0.1). As can be 
seen, Johansen and Smith's data reasonably approximate the 
centerline velocity data. Figure 5.3 also illustrates the linear 
growth of the present centerline velocity (□ symbols) up to 
X+=100. 
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Utilizing a regression curve fitting scheme, the linear 
fit to the present data was determined as 
Uq
+
 = 0.082X+ + 1.24 , (5-6a) 
\ 
which is similar tfi linear sublayer growth. In addition, recall 
that the bubble-wire patterns visualized in the 0<X' <130 region 
(section 3.2.1) were essentially the same as those for the near- 
wall regions of a turbulent boundary layer, which suggests 
similar flow structure and behavior. Analogous to arguing that 
U =Y for Y <10 in a turbulent boundary layer, the linear rela- 
tionship of equation 5-6a suggests that Uq =KX . Noting that 
the smallest experimental error in accurately locating the sen- 
sor relative to the trailing edge or any influence of the small 
separation region immediately behind the sharp taper (section 
3.2.2a) will significantly change the origin of the linear 
growth region, it is not surprising to. find equation 5-6a inter- 
+ 
section at some point above Un =0. This suggests that equation 
5-6a can be approximated as Un =KX . The point is that K may 
not be 0.1, but is a linear constant which has a physical signi- 
ficance. A parameter which can obviously affect the slope of 
equation 5-6a and thus K is U . It is important to reempha- 
size that U  is only an arbitrary normalizing parameter. 
Recall that a nondimensionalied friction velocity of U =0.037 
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was determined to match the log region data of the present 
centerline velocity data to previous investigation results. 
Using U*=0.037 would modify equation 5-6a to yield: 
U^ = 0,061 X+ + 1.07 (5-6b) 
Unfortunately, there is little independent experimental 
information available for comparison in the region immediately 
downstream of the trailing edge. Furthermore, for a turbulent 
wake, the only analytical model known to this author is based 
on the Goldstein (1930) solution for laminar centerlin velocity 
growth, and is suggested by Alber (1980) as: 
U^ = 1.61(XUT/V) (5-7) 
Alber indicates that this equation reasonably approximates the 
two data points measured on the centerline between 0<X <300 
by Chevray & Kovasznay (1969). However, equation 5-7 does not 
appear to agree particularly well with the Chevray & Kovasznay*s 
data, and as shown in figure 5.3, it also fails to represent 
the present measurements. 
In figure 5.4 the centerline velocity profile is once 
again plotted in comparison with a turbulent boundary layer 
profile obtained over a flat plate by Johansen & Smith (1983). 
In addition, equations 5-3, 5-5b, and 5-6a are plotted as well 
+  + 
as Uq =KX . Note the following points: 
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1) For X <100 the centerline velocity grows linearly 
+     + - 
as IL =KX ,    This clearly shows a parallel between 
the growth of the linear sublayer of a turbulent 
boundary layer and the growth of the very near-wake 
of a sharp-trailing edge wake. 
2) For X >270 logarithmic behavior of the centerline 
a velocity is well  represented by an equation of the 
+  •       -+ form Uq =ALn X +B.    More significantly, the well 
accepted law-of-the-wall equation can be easily modi- 
fied to closely represent the present wake centerline 
velocity data. 
3°)'   In essence, it appears thlt accepted empirical equa- 
tions for a turbulent boundary layer profile can be 
essentially matched with the present wake centerline 
velocity profile using KUT as a normalizing parameter. 
5.2.2b    SIMILARITY IN THE FLOW DEVELOPMENT 
The capability of fitting the logarithmic portion of the 
present centerline velocity data to previous results by simply 
varying the value of U    raises two questions.    First, why should 
the friction velocity in the absence of any solid surface 
affect the shape of the wake centerline velocity profile? 
More importantly, what is the physical process that governs 
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the center!ine velocity growth and causes it to behave strikingly 
similar to the flat plate turbulent boundary layer profiles?" 
The fact that the centerline velocity data can be repre- 
sented by equation 5-5b indicates that the similarity of the 
velocity profiles shown in figure 5.1, and 5.4 is no coincidence. 
This in itself is a mere, suggestion of a similar physical mech- 
anism which governs both the wake and the boundary layer growth. 
Therefore, it is necessary to examine why equation 5-5b should 
approximate the wake data, why it is possible to match the 
logarithmic portions of the two profiles (D,EI symbols; figure 
5.4), and what common mechanism is responsible for this simi- 
larity in the development of the two different velocity profiles. 
+    +    + 
The remarkably similar behavior of UQ VS. X and Ub ■■ vs. 
Y suggests that the assumption of a linear turbulence scale 
change with distance from the wall (y) within a turbulent boun- 
dary layer can be generally extrapolated to the scale change 
with distance along the wake centerline. This hypothesizes 
that the scales which grow normal to the wall in a turbulent 
boundary layer, and move outward relatively slowly (of the 
order of v ), will grow in a streamwise direction in a turbu- 
lent wake, but will be convected rapidly downstream (of the 
order of Uq). Since both the boundary layer and the centerline 
profiles demonstrate a logarithmic behavior away from the wa!3 
or trailing edge respectively, it seems logical that a linear 
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transformation of X   to the order of Y , as presented in the 
previous section, provides the means for collapsing the beha- 
vior of the^two turbulence growth processes, and would appear 
to confirm the hypothesis of linear growth of turbulence scales 
with respective development direction.    To evaluate the assump- 
tion of Y =KX    transformation in greater detail, an examination 
was done of the values taken on by K in order to collapse the 
centerline data measured in the present study with accepted 
empirical correlations for a turbulent boundary layer. 
In the linear growth region, a K=Y /X    relation is obtained 
by setting U.   ,    = Un , where U =Y    is the accepted empirical 
equation for the linear sublayer and Ug=KX    is assumed to govern 
the wake region. Thus 
\+ 
x+  . 
for the linear sublayer. 
For the logarithmic region, the empirical  law-of-the-wall 
equation for a turbulent boundary layer (5^5a) and the equation 
obtained from curve fitting of the present centerline data 
(equation 5-3) were used to establish K.    Recall equation 5.5a 
is l£ 1    = 2.44 LnY++4.9.    Solving for Y+ in this equation 
yields: , 
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which for simplicity can be rewritten as 
Y+ = ExpCOiJ^ - B)/A] (5-8) 
Likewise the regression fit empirical equation of the present 
center!ine velocity data is: 
u£ = 2.635 LnX+- 1.75 (5-3) 
which when solved for X yields: 
.     Uc+ + 1.75 
X
 
=
 
ExP^  2.635 3 
or,  v,„V 
X+ = Exp[(Uq_++D)/C] (5-9) 
+ + Now if U.   ,    and IL    are specified, equations 5-8 and 5-9 will 
+ + give the respective values of Y   and X    for those velocity 
+   + 
values.    Thus, to obtain the ratio K=Y /X , equation 5-8 is 
+ + divided by equation 5-9 with U.   ,    = IL , which yields 
K   = Exp[-(Uq_+(A-C) + BC + AD)/AC] (5-10) 
The above equation represents the ratio of the change in center- 
line velocity in the x direction to the change in streamwise 
velocity in the y direction for a flat plate boundary layer 
(note that here y is the cross-stream distance for flow over 
a flat plate and not the local cross-stream velocity growth 
in the wake). 
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Figure 5.5    Ratio of mixing scales in the wake to those 
of boundary  layer,  as  a function of non- 
dimensional  distance. 
Figure 5.5 illustrates the effectiveness of the K=Y /X+ 
transformation for both the linear and logarithmic regions. 
Note that although K varies,  it generally falls  in a consistent 
range of 0.08 to 0.12  for the entire Uq vs.   X    range of data 
measured in this study.    To put everything in perspective, 
figure 5.5 appears to support the suggestion that the mechanism 
and scales responsible for the velocity growth over the plate 
in the y direction also appear to be generally responsible for 
the velocity growth and mixing along the center!ine. 
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Recall that within a flat plate boundary layer the mixing 
process is dominated by stretching in the normal direction (i.e. 
essentially the w ~ term in the vorticity equation), in which 
case the most intense mixing occurs where there is <a high cross- 
stream velocity gradient. As distance from the wall increases, 
the gradient diminishes, and as a consequence the mixing process 
decreases. 
For flow over a solid surface, 3u/3y at the wall does not 
change substantially with increasing x. In contrast, when the 
wall disappears the no slip boundary condition vanishes, and is 
replaced by a large velocity gradient in the x direction, 3u/9x. 
Analogous to the stretching effect of au/3y for the flat plate 
boundary layer, the large streamwise velocity gradient along 
the centerline causes a substantial mixing process in the x 
direction which is now governed by u 3u/3x. However, this 
A 
rapid mixing along the wake centerline results in a rapid 
relaxation in IL such that the stretching effect of 3u/3x 
diminishes rapidly with increasing x, essentially analogous to 
the rapidly diminishing stretching which occurs normal to the 
surface in a turbulent boundary layer. 
In summary, the upstream turbulent boundary layer struc- 
tures which are observed to stretch and increase with y now 
appear to be modified and interact in a similar manner along 
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the centerline with increasing x, thus giving rise to an essen- 
tially similar velocity recovery behavior. 
5.3 WAKE PROFILES: SHARP VS. ROUND TRAILING EDGE RESULTS 
For the cylindrical trailing edge the wake mixing process 
is significantly different than the process for the sharp trail- 
ing edge, Negative base pressure created by the large radius 
of curvature at the trailing edge results in the vortex shed- 
ding which plays a strong role in the wake development. One 
noticeable difference observed between the wake of the two 
trailing edge geometries is the mixing mechanism. For the sharp 
trailing edge wake, the shear layers interact very slowly. With 
disappearance of the source of vorticity (the wall), the upstream 
turbulence continuously decays with increasing x. In fact, tur- 
bulence intensities measured downstream of the tip are lower 
than those measured upstream of the trailing edge. In contrast, 
with a. circular trailing edge the pre-existing upstream boundary 
layer turbulence and wake disturbances generated during the 
separation process are amplified by interaction with the large 
scale Strouhal vortices which results in an elevation of the 
local turbulence energy from that measured upstream of the 
trailing edge. The process of amplification is the streamwise 
stretching of the small scale structures by like rotation 
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Strouhal vortices, which raises the local dissipation rate and. 
gives rise to streamwise predominance. The large scale Strouhal 
vortices undergo a breakdown process as a result of their inter- 
action with the small-scale stretched streamwise flow structures, 
Therefore, it appears that the elevated mixing and relaxation 
of the wake of the circular trailing edge in comparison to that 
of the sharp trailing edge, is caused by vortex stretching and 
amplification of the streamwise turbulence components by the 
Strouhal vortices. 
5.4 COMPARISON BETWEEN UTRC MEASUREMENTS AND PRESENT STUDIES 
5.4.1 VELOCITY PROFILES' # 
In figure 5.6 the mean velocity profiles measured in the 
wake of both the tapered and circular trailing edge geometries, 
as determined in the present study, are plotted in comparison 
with results obtained by Patterson (UTRC) (1984). This figure 
(see caption) illustrates the comparative effects of rounding 
of the trailing edge on the wake mean velocity profiles. From 
this figure it is particularly evident that the wake behind 
the round trailing edge (d,0 symbols) is broader, spreads 
more rapidly, and approaches uniformity more quickly than the 
sharp trailing edge wake. The predominant reason for these 
differences is the effect of upstream boundary layer separation 
at the trailing edge. 
-166- 
T—i—i r 
X=1.0 
T P 
K>    - 
>-    <N 
en 
i 
n 
n □ 
-0.2 0.2 
X=2.0 
□ 
-nB r 
A 
/□   X=4.0 
-ffi- -ffi- -B- 
□ 
U3] X=8.0 jj^] X=12.0g| 
Q O Q 
GED CSi 0 
Q Q Q 
(32 '       na El 
Q (a ' Q 
GL GK a 
is 
(7J3  - 
0.6 1.     0.6 
□ ■e—'—^—•—■ —e 
0.0  0.2        0.6 1. 0.6 
u/Uo 
Figure 5.6    The wake mean velocity profiles behind both sharp and circular 
trailing edges. 
A    sharp trailing edge,    O     circular trailing edge 
□    UTRC[57] Round T.E.,    El     UTRC      X=9.0,  and X=13.0 
ACfe| 
£ £E1 ' 
Although the wake profiles for the two sets of round trail- 
ing edge data demonstrate good agreement between the present 
results with those of the UTRC for X>4, two points need to be 
noted. 1) The faster recovery of the velocity defect shown by 
the UTRC measurements (13 symbols) at X=8, and X=12 is believed 
to be due to the difference between the measurement locations 
(see caption). 2) The lower wake center!ine velocity of the 
UTRC profile indicated at X=4 is speculated to be the result 
of the difference in the methods of measurement of the u compo- 
nent of velocity. The UTRC measurements were done with an LDV, 
while the present measurements were done with a single-element, 
hot-film anemometer. Obviously, the wake velocity measured 
with the single-element, hot-film used in the present study 
will be biased by the strong transverse flow behavior induced 
by the vortex shedding, resulting in an indicated velocity in 
excess of the true streamwise velocity. Due to its directional 
sensitivity, the LDV measurements for the UTRC probably reflect 
the true wake velocity more accurately. The contribution from 
the cross-stream flow decreases with lateral distance from the 
center!ine as well as downstream from the trailing edge, which 
yields much better agreement between the UTRC data and the 
present data for measurements farther from the center!ine and 
farther downstream. 
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5.4.2 HEAT TRANSFER MEASUREMENTS 
The original motivation behind the present study was to 
aid in the understanding of the heat transfer characteristics 
generated by the flow behind turbine blade-type geometries. 
However, there are many unanswered questions concerning the 
velocity behavior in the vicinity of the trailing edge which 
made it worthwhile for the present study to initially investigate 
the velocity field rather than the temperature field. It was 
felt that since the existing visualization system is a powerful 
tool in probing the reverse and recirculating region, special 
attention should be given to the immediate vicinity of the cylin- 
drical trailing edge. A parallel series of wind tunnel tests 
conducted under very similar parametric conditions to the pres- 
ent study at United Technologies Research Center (UTRC) pro- 
vided independent surface heat transfer results for comparison 
with the present hydrodynamic results. In the remainder of 
this section, comparative results of the two studies are exam- 
ined to establish the effects of the observed flow behavior 
immediately adjacent to the trailing edge region on heat trans- 
fer characteristics. 
A cross-comparison of the present experimental results 
with the hydrodynamic and surface heat transfer results of 
the UTRC studies allows the following model of the trailing 
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edge behavior to be developed: 
1). A separation region is initiated at 93.6°<e<100°, 
extending 3>X>2 downstream of the tip. The higher 
values correspond to the lower Reynolds number of 
the present study (ReL=7,6xl05) vs. ReL=2.4xl06 for 
the UTRC study. As Reynolds number increases, the 
length of the recirculation region decreases and the 
location of initial onset of boundary layer separation 
moves downstream. 
2) Immediately behind the trailing edge only the 
y<6<0.5 region of the upstream turbulent boundary 
layer is affected by the separation and the stagnation 
bubble. Both the flow visualizations and LDV measure- 
ments reveal little change in the outer portion of 
the initial shear layers for short distances (X<2) 
into the wake. However, the near-wall structures are 
entrained in the recirculating region; these high vor- 
ticity flow structures are important in the wake mix- 
ing process. As mentioned before, the dispersion 
of the primary Strouhal vortices is due to interaction 
between these smaller-scale vorticity containing 
eddies and the Strouhal vortices. This mixing process 
is intensified by the stretching effect of the Strouhal 
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vortices on the small-scale eddies, which causes selec- 
tive amplification of vorticity normal to the axes of 
mean rotation of the Strouhal vortices, 
Figure 5.7 schematically illustrates the cumulative flow 
behavior revealed by plan-view visualization data near the 
surface of the cylindrical trailing edge. A comparison is made 
with surface heat transfer properties (Stanton number) obtained 
over the same region 90°<e<180° by UTRC for dynamically similar 
flow conditions in wind tunnel tests. The heat transfer measure- 
ments presented in reference [57], indicate an initial drop in 
Stanton number as separation is encountered, followed by an 
unexpected sudden rise, and a subsequent drop again (see figure 
5.7a). It appears that an explanation for the unusual heat 
transfer behavior can be deduced from the parallel flow struc- 
ture model derived from the visualization results of the present 
study. 
Figure 5.7b illustrates that the initial effect of the 
adverse pressure gradient on the local flow behavior is felt at 
about 0=90°, leading rapidly to a flow separation shortly there- 
after (note that the point of incipient separation depends on 
the phase of the Strouhal vortex shedding). Immediately down- 
stream of the separation point the static pressure rapidly 
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of a small stagnant bubble on the surface. 
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increases with distance from the tangency point £57],    As the 
slow moving, near-wall fluid approaches this adverse pressure 
gradient region the streamlines separate and lift away from the 
wall.    Downstream of the incipient separation region, the low 
Stanton number values forOOO°<e<110° are the apparent result 
of the recirculating stagnant bubble.observed in this region 
and reported in section*4.2.2a.    Physically, the fluid recir- 
culation creates a local concentration of heated fluid within 
the stagnation bubble which substantially reduces the heat 
transfer over the region 100o<9<110°.    Further downstream, as 
shown in figure 5.7b, the recirculating flow created by the vor- 
tex shedding at the trailing edge causes fluid from the wake 
separation bubble to penetrate back upstream as far as 9=116°. 
Generally, the periodic pumping effect of the shedding vortices 
continuously introduces fresh fluid into the wake separation 
region.    This wake fluid reaches its highest recirculation 
velocity in the vicinity of e=120°, just prior to lifting away 
from the surface and ejection into the outer flow.    Thus, the 
high heat transfer band for n5°<8<125° shown in figure 5.6b 
is an apparent effect of increased eooKng due to the maxinrurrr 
recirculation of fluid through this region caused by the vor- 
tex shedding process. 
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5.5 FLOW INDUCED OSCILLATION 
In practice, gas turbine blades require thick trailing 
edges to avoid local burn-out and accommodate the cooling air 
bleed devices incorporated within the blades [77]. It appears 
that use of a thick trailing edge geometry causes a periodic 
vortex shedding from the turbine blades. Lawaczeck and 
Heinemann (1975) using Schlieren photography at a Mach number 
range of 0.3<M<1.3, for both subsonic and transonic Reynolds 
numbers, and Bryanston-Cross et al. (1981) using image-plane 
holography for a M=0.16, and Re,=3.15xl06 reported the existence 
of "periodic vortex structures" in the wake independent of 
both Reynolds and Mach numbers. The occurrence of vortex shed- 
ding suggests a periodic flow induced force on the body, an 
obviously disadvantageous phenomenon. In the present study, 
the periodic forces resulting from the shedding Strouhal vor- 
tices were observed to cause a coupled oscillation between the 
test plate and the entire flow field when the plate was insuffi- 
ciently contrained. 
In Chapter 2 it was mentioned that test plate oscillations 
were effectively eliminated by both 1) attachment of rubber 
strips to the bottom of the plate in contact with the channel 
floor and 2) use of special support mounts designed to secure 
the plate in position. However, prior to the anchoring of 
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the test plate the magnitude of the periodic forces generated 
by the vortex shedding were sufficiently large such that periodic 
flexture deformation of the plexiglass plate occurred, which 
consequently interacted with the flow, causing vertical oscilla- 
tions of the free surface water level of approximately 8%  of 
the water depth. The two extreme trailing edge geometries 
used in the present stiidy clearly indicate that these flow 
induced oscillations are a product of the vortex shedding pro- 
cess and can be eliminated by trailing edge modifications. 
Bluff trailing edges are frequently used in practice, 
and vortex shedding is commonly experienced. There have been 
many studies concerning the attenuation of vortex shedding 
from bluff bodies. The common goal in attenuating sources of 
oscillatory behavior is basically to reduce the Strouhal vor- 
tex strength, and elongate the formation region over which the 
vortices shed. A brief discussion of some of the most common 
methods for reducing the effects of vortex shedding on bluff 
bodies is given in Appendix D. Interestingly, from results 
of some of the studies presented in Appendix D it can be con- 
cluded that rounding of the trailing edge increases the ampli- 
tude of oscillation. 
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5.6 FUTURE CONSIDERATIONS 
The present study provides a broad basis for comparison 
between the physical processes which govern the mixing in the 
wakes of two substantially different trailing edge geometries. 
Some of the observations furnish ideas which facilitate present 
understanding of near-wake flows. Other aspects of the study 
raise questions which require further consideration. For the 
sharp trailing edge wake, further visualization of regions 
beyond X =1070 are desirable. This would provide more detailed 
information on tjje relationship between scales in the turbulent 
boundary °layer and the wake. These visualizations should be 
combined with a quantitative means of determining the scales 
in the vicinity of the wake centerline. 
The cylindrical trailing edge provided some challenges in 
visualizing the flow behavior in the near-wake. However, future 
studies should concentrate on the recirculation region. In 
particular, an understanding of the effects of upstream turbu- 
lent structure on the Strouhal vortices would provide valuable 
information regarding both heat transfer behavior and flow 
induced oscillation effects. Amplification of the initial 
streamwise vorticity in the near-wall flow structures which 
yield the low-speed streaks is apparently the natural mechanism 
which causes the dispersion and breakdown of the core of the 
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Strouhal vortices, thus reducing the induced pressure effects 
on the body. The present visualization technique should be 
used to study the effects of surface modifications (based on 
the mean streak spacing) on both the development and breakdown 
of the primary Strouhal vortices. It is also suggested that 
extensive velocity profile data,-including spectral analyses 
should be established in the region prior to the trailing edge. 
Obviously, since the extent of the backflow can be determined 
from the visualization results, the measurements can be done 
either outside of the negative flow region or via LDV measure- 
ments. These results would help in understanding the effect 
of the periodic separation behavior on the approaching turbu- 
lent boundary layer, and in establishing the degree of feedback 
on various regions of the boundary layer. This study could 
suggest which regions are most influenced by the ellipticity 
of the shedding, and which regions warrant the most attention 
with regard to modification techniques for attenuation of vor- 
tex shedding. 
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CHAPTER 6 
CONCLUSIONS 
The present study investigated the near-wake of a flat plate 
with fully developed turbulent boundary layers.    The plate geometry 
was selected with a cylindrical trailing edge to simulate a typi- 
cal  turbine blade-type body; to maintain dynamic similarity, a 
boundary layer to plate thickness ratio of one half was also main- 
tained.    In addition, the non-separating^wake for a tapered trail- 
ing edge geometry was also examined.    From the results obtained 
using both the bubble-wire visualization technique and hot-film 
anemometry the following points are concluded. 
THE CIRCULAR TRAILING EDGE 
1. Flow behind the flat plate with a circular trailing edge 
detaches ir} an incipient separation zone 93.6°<9<99°, with the 
separation bubble extending to 1.5<X<3. Flow behind this trailing 
edge is unsteady and oscillates with a Von Karman type vortex 
shedding at St=0.21. The vortex shedding influences the flow 
behavior and causes a rapid interaction between the two separated 
shear layers. 
2. Mixing is strongly enhanced in the wake by the shedding 
process. The observed mixing characteristics are summarized as 
follows: a) the turbulence structures from the separating upstream 
turbulent boundary layer undergo a Strong vortex stretching caused 
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by the formation of the Strouhal vortices, b) turbulence struc- 
tures from each shear layer are continuously entrained toward the 
wake centerline by the shedding process and thus interact strongly 
with the structures from the opposing shear Tayer, and c) the 
flow structures within the wake are additionally stretched by 
the velocity gradients (au/9x, 9u/3y), with these gradient stretch- 
ing effects decreasing rapidly with distance from the trailing 
edge. 
3. Hot-film measurements in the wake reveal turbulence inten- 
sity levels much higher than those encountered within the turbulent 
boundary layers prior to separation. It is speculated that this 
elevation in turbulent intensity is due to amplification of the 
streamwise vorticity associated with the low-speed wall streaks 
in the separating turbulent boundary layer by the previously men- 
tioned stretching process. The resultant increase in mixing acts 
to rapidly disperse the vorticity, and thus the strength and 
coherency of the primary Strouhal vortices. 
4. A flow model of the separation process created by the 
circular trailing edge is developed from the visualization results; 
the most significant aspect of this model is the revelation of 
the existence of a small stagnant region between 100°<e<109°, 
which appears responsible for abrupt reduction in heat-transfer 
between 100°<e<no° measured in an independent study at United 
Technology Research Center. 
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THE TAPERED TRAILING EDGE 
1. A slowly evolving wake initiates immediately downstream 
of the tapered trailing edge. The wake appears to be comprised 
of a three layer structure of a "mixed" flanked by two "unmixed" 
regions, with interactions between the two shear layers confined 
primarily within the mixed "region". 
2. Streamwise vortex stretching dominates the flow behavior 
in the immediate vicinity of the wake centerline. In this region, 
the wake mixing process and the disturbance length scales grow 
with X in a manner similar to changes in the same characteristics 
with Y within a turbulent boundary layer. Along the wake center- 
line, two distinct regions of velocity relaxation behavior are 
recognized. First, is a linear growth region for X+<sl00 and second, 
a logarithmic region for X+>270. Both the hot-film anemometry 
and flow visualization results strongly suggest that the develop- 
ment of turbulence length scales and mixing with increasing dis- 
tance from the trailing edge of a tapered flat plate occur in 
essentially the same manner as the development of those character- 
istics in a normal direction within a turbulent flat plate boun- 
dary layer. 
3. A linear transformation of the form Y+=KX+ is shown to 
approximately collapse the accepted empirical correlations of 
Uj i#=Y+ and u£j.=2.44 Ln Y++4.9 for a turbulent boundary layer 
and the present empirical correlations for wake centerline velo- 
city onto a single set of curves. 
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CIRCULAR VS. TAPERED TRAILING EDGE BEHAVIOR 
1. Flow developments in the wakes generated by the two dif- 
ferent trailing edge geometries are markedly different. The 
wake of the.circular trailing edge displays sustained oscillatory 
behavior, is initially broader, highly turbulent, spreads faster 
and mixes rapidly. In contrast the wake of the tapered trailing 
edge evolves slowly without any detectable large scale periodic 
behavior and mixes in an initially very thin region with wake 
turbulence intensity levels equal to or less than those experi- 
enced in the upstream turbulent boundary layer. The centerline 
velocity in the wake of the tapered trailing edge recovers very 
rapidly for 0<X<4 region; this recovery is faster than that 
observed in the round trailing edge wake; however, beyond X=4 
this pattern reverses such that a more rapid approach toward 
uniformity is experienced for the circular trailing edge. 
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APPENDIX A:    Visualization Results for the Initial Test Plate 
a- 
Some preliminary visualization was done in the vicinity of 
a cylindrical trailing edge of a flat plate 0.9m long, 30cm wide, 
and 1.25cm thick.    The leading edge was a 5:1 elliptical contour. 
The plate was mounted vertically in the water channel  using 
overhead support rods.    A series of visualization studies was 
done with different bubble-wire placements, orientations, and 
plate boundary layer conditions.    The results were obtained at 
a freestream velocity of U0 = 28 cm/sec for both laminar and 
turbulent boundary layers,-and are discussed below. 
1.    LAMINAR BOUNDARY LAYER.    At the operating velocity, the 
boundary layer exiting the plate was laminar* with a trailing 
edge boundary layer thickness of approximately 0.825 cm 
(Re-j = 2.75xl05),    A very distinct periodic vortex shedding 
process was observed to develop at the trailing edge with a 
Strouhal frequency of St = 0.20 (which is essentially the same 
as for vortex shedding from cylinders).    It was observed that 
the wake grew rapidly as a result of the shedding behavior.    The 
initial coherency of the Strouhal  vortices was observed to 
diminish over a distance of about 6 to 10 plate thicknesses 
downstream of the trailing edge.    This degradation of the coherent 
vortices appeared to be the result of the interaction of primary 
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vortices with a secondary instability which initiated the for- 
mation of small, streamwise vortices on the outer surface of 
the shear layer. Figure A-l is a sequence illustrating the 
small scale structures resulting from this interaction. As a 
result of interaction between the primary vortex with the secon- 
dary instabilities, structures similar to the 'axial vortex pairs' 
(see Wei, 1982) were detected (figure A-l$). These vortices 
grew, often appearing to merge with adjacent vortex pairs 
(figure A-lb through d). The stretching and interaction of 
these secondary vortices created a strong, organized mixing 
process with the primary vortices, causing a rapid decrease in 
the coherency of the vortex street with distance from the trail- 
ing edge. 
2. TURBULENT BOUNDARY LAYER. By, insertion of a 2mm diameter 
trip on both sides of the plate at 7.5 centimeters from the 
leading edge, the plate boundary layer became turbulent, with 
a boundary layer thickness of approximately 2.5cm at the trail- 
ing edge of the plate. Figures A-2a and A-2b obtained for identi- 
cal, flow conditions except the insertion of the trip. Figure 
A-2billustrates the comparative difference in appearance of the 
laminar versus the turbulent wake. The three dimensionality of 
the turbulent boundary layer appears to have both diminished the 
-191- 
Bubble-wire 
T*=o.o 
T =0.23 
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Figure A-l     Plan-view sequence showing the generation,  growth, 
coalescence,  and deformation of small  scale spanwise structures 
developing in the wake of a 1.25 cm thick flat plate with a cir- 
cular trailing edge.     FHB=120 Hz, X.wire=4, Yw1-re=l,  St=0.20. 
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strength of the vortex shedding, and to have obscured it in a 
background of small scale turbulence.    The study of dynamic pic- 
tures revealed that a definable average Strouhal frequency exists 
for the turbulent wake, which was essentially unchanged from 
the laminar value (St=0.20).    This Strouhal vortex street can 
be observed in Figure 4-2b as the regions of concentrated hydrogen 
bubbles  (vortex centers) indicated by the arrows.    Despite the 
existence of the vortex shedding behavior, the Strouhal  vortices 
did not have the strength and coherency which was observed in the 
laminar wake. ' 
The intense stretching of the upstream turbulent boundary 
layer irregularities was observed in the video sequences to be 
the based cause for the degradation of the coherency of the wake 
shedding.    A region of strong streamwise vorticity exists close 
to the wall  (Y <40).    Basically it was observed that the low-speed 
streaks  (generated beneath the plate turbulent boundary layer in 
the region of streamwise vorticity) fed into the shear layer and 
became intimately imbedded in the primary vortex formation.    Fur- 
thermore, the stretching of the irregular streamwise vorticity        \ 
distribution during the formation of the primary vortices caused 
the vortex street to form irregularly and to be grossly distorted. 
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APPENDIX B: Anemometer Calibration and Drift Compensation 
Calibration and linearization of an anemometer signal is 
normally a time-consuming procedure. Fortunately in the present 
study, the linearization was done with relative ease using the 
traverse platform (see Chapter 2) mechanism to tow the probe in 
the still water channel at various known platform velocities. 
Near the end of the present study the linearization process was 
modified by utilizing a mini-computer to correlate the voltage 
with the velocity through a curve fitting process. However, the 
linearization procedure of the anemometer output signal for 
almost all of the presented data was done using a DISA 55M25 
linearizer.  This procedure is explained in Johansen & Smith 
® 
(1983), however, for the present study two modifications were 
made. 1) A DISA 55M01 anemometer instead of DISA 55D01 was 
used. The new anemometer was easier to operate and provided a 
more accurate means of establishing probe resistance. 2) Higher 
freestream velocities than Johansen & Smith (1983) required some 
small changes in the. linearization process. Johansen & Smith 
ran the traverse platform at the maximum velocity (U  ) to 
obtain the upper limit of the voltage range (Ema ). However, max 
in the present studies a higher U       velocity was required, and 
therefore, the pump was operated at RPM=2800 to obtain a free^ 
stream velocity of 35 cm/sec, and extend the linearization 
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ranges beyond those used in the studies of Johansen & Smith. 
This was done in contrast to running the traverse platform at 
Umav as the above authors have suggested. Thus, the lineariza- max 
tion was expanded to flow velocities higher than the platform 
speed. Figure B-l illustrates a typical voltage output versus 
the velocity linearization curve. 
Hot-film measurements common-ly have associated voltage 
drift, which is higher for the lower velocities. Because of 
dissolved air in water, which can form air bubbles on th,e "hot" 
sensor, the drift problem becomes more significant. Moreover, 
due to a thicker boundary layer and the need for longer time 
averaging, a velocity drift of up to 20% over the course of 
experiment was sometimes experienced. In Figure B-l, the solid 
line is the calibration curve corresponding to original calibra- 
tion conditions, whereas the dashed line curve was obtained from 
calibration after eight hours of operation. This figure illus- 
trates that the magnitude of the drift is substantial, however, 
the drift is a linear shift of the original calibration curve. 
To help minimize the drift problems, several steps were 
taken. First, the channel was drained and refilled prior to 
each series of hot film anemometry studies. Second, to deaerate 
the fresh water, it was circulated for approximately five to 
seven days. Furthermore, in order to provide high quality water, 
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Figure B-l. Typical linearization curve used for anemometer 
measurements. The top curve □ shows the voltage 
output at the start of each run; the bottom curve 
O shows the effects of drift at the end of the 
run. 
■197- 
CO 10      11      12      13     14 
-s ■ 
fD 
CO 
1 
o • 
20° 3   —1 fD << a> ~u o 
"O to  _i. • 
CO   C c n lo 
3" r+ -s ai 
O fD   —' 
S   0> 3 
co   ri- fD   —' o 
3   -J. ■ 
ft el- rt 3 CM 
s' 3" to   fD 
0)   fD •    a> 
-s 
ft)   co —'• O 
-h n- -H M • 
-h W 3" Q) 
fD   -S 
1                n   r+ 
fD    C+ c^ 
—'               r+ r+ O 
U3                Co   O O   3 O 
--J                     -hXJ —K In I                 O 
-h fD 
O 
n c -a 
01 C   -S (/> Q. O -s  < 
-i  3- <   fD , o 
_I. fD • 
-h ~5 c o> 
rt- C CO 
3 D2. 
r+ o 
<-+ CO   -t, • 
r+  3" 3" O ^-1 
3" 0> O   -$ 
fD S 
CT CO   DJ 
fD   O 3 o 
3   c+ r+ fD • 
Q. r+ 3" 3 00 
O fD   O 
O   3 3 
-h <   fD 
r> O   r+ p 
c+ C —■ fD 
=r -s r+ -S to 
fD   < o> 
fD CQ 
fD 
rf « 
the water was filtered through one micron filters, both during 
the initial filling process and whenever the channel was not 
in use for data acquisition. Third, the excess dirt and con- 
tamination on the probe were cleaned by submerging the probe 
in a vinegar solution for 24 hours prior to use. Fourth, before 
each linearization, the anemometer was turned to the operating 
mode and subjected to a water flow at maximum possible velocity 
for a period close to two hours. This resulted in an overall 
drift reduction of up to 7%.    Fifth, the sensor was often flushed 
with a water jet (from a syringe) to eliminate air bubble build- 
up on the sensor. 
The process employed to correct for the residual drift 
was as follows. Every velocity reading was accompanied by the 
actual time of the reading. Following every six measurements 
(approximately 40 minute intervals) the hot-film was moved to 
a designated freestream location and the output voltage was 
noted. Usually a small drift was observed. This data acquisi- 
tion procedure was continued through to the end of a particular 
run. Assuming that the drift was a linear function of time, 
the freestream voltage measurements as a function of time could 
be used to correct each velocity measurement. Employing the 
original linearization curve (figure B-l) and the corresponding 
voltage for freestream velocity at a particular time local.value 
of the velocity was determined and normalized based on the correc- 
ted freestream velocity. 
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APPENDIX C: Visualization of Secondary Vortices in the Separated 
Boundary Layer at ReL=1.6xl05 
It was mentioned in Chapter 4 that the operating Reynolds 
number (U0*L/v) was reduced to Rej_ = 1.6xl05 to allow clear visual- 
ization of the periodic, transversely rotating secondary structures 
in the separated shear layer.    At a freestream velocity of UQ = 
6.1 cm/sec, the boundary layer thickness at the trailing edge 
(determined from the visualization data) was 3.2 cm, and appeared 
to be a transition-like boundary layer.    Downstream of the trail- 
ing edge a series of visualizations were done at three locations 
(X=0.25, 2, and 4).    The visualizations, although not extensive, 
revealed some interesting results. 
The lower Reynolds number caused a longer separation bubble 
downstream of the tip.    Moreover, the separated bubble was stable, 
and there was no apparent cross-stream oscillation of the wake. 
The visualization data also revealed that secondary vortices form 
in the separated boundary layer immediately behind the trailing 
edge, and are carried downstream with the Strouhal vortices. 
Furthermore, these vortices were stable, easily recognizable, and 
coherent with a shedding frequency of 1/3 of the Strouhal  frequency. 
Surprisingly, at the X=4 station, the side-view pictures revealed 
that the secondary vortices persisted and appeared in a series 
of four tailgaiting each other as they passed through the viewing 
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window.    It is expected that the vortex shedding will cause a 
rapid interaction between the flow structures.    However, apparently 
due to passive merging of the two boundary layers, the secondary 
structures preserve their characteristics for locations farther 
downstream than was expected. 
Aside from transverse vortices, the effects of streamwise 
stretching were clearly observed from the Rej_ = 1.6xl05 visual- 
ization data.    Longitudinal dominant structures existed in the 
separated boundary layer particularly very close to the interface 
between the forward and backward flow.    These structures were 
also very stable.    Upon review of one of the recorded sequences, 
one such structure was observed to prolong itself for 56% of 
the Strouhal shedding period. 
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APPENDIX D 
FLUID DYNAMIC ATTENUATION OF SOURCE OF OSCILLATION 
D.l    INTRODUCTION j 
,—s^Often vortex shedding in the wake of bluff bodies results 
in the oscillation of the body itself, a phenomenon generally 
not desirable.    Since gas turbine blades normally have thick 
trailing edges it is quite probable that vortex shedding, such 
as that observed in the present investigation, is generally exper- 
ienced.    Therefore, a brief discussion of some of the most com- 
mon methods cited in the literature for attenuation of vortex 
shedding from bluff bodies seems to compliment the present stu- 
dies.    Attenuation of sources of induced fluid dynamic oscilla- 
tions are basically attempted via: 
1) Modification of the trailing edge geometry to reduce 
the unsteady forces caused by the vortex shedding on 
the body, 
2) Elongation of the formation region ("near-wake"), 
causing the vortices to form farther away from the 
body, and 
3) Modification of the body surface or near surface in 
order to introduce streamwise vorticity in the flow- 
field, and enhance large scale vortex breakdown. 
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0.2    TRAILING EDGE MODIFICATION 
It is important to note that trailing edge modifications 
can give rise to several adverse effects - primarily increase in 
drag and creation of other*sources of excitation.    The common 
goal  in attenuating sources of oscillation is basically to reduce 
the Strouhal vortex strength, and   elongate the formation region, 
over which the vortices shed.    Generally, the former is done by 
employing two different principles:    1) flow asymmetry, and 
2) "vortex trapping".    Both these methods involve modification 
of trailing edge geometry.    Greenway & Wood (1973), using a 
flat plate, showed that considerable reduction in the acoustic 
pressure amplitude can be achieved as wake asymmetry is increased. 
Surprisingly,  rounding of the trailing edge causes an increased 
amplitude of oscillation.    Toebes and Eagleson (1961), using 
a flat plate (L/d=8, d=6.35mm) with a round trailing edge, 
reported amplitudes of almost one order of magnitude higher than 
those experienced with a square trailing edge.    Employing a 
flat plate at Reh=2xlOi+ (L/h=10, h=0.64mm) with eleven inter- 
changeable trailing edge geometries in a water channel, 
Donaldson (1956) determined that the magnitude of plate oscilla- 
tions experienced with a round trailing edge in place was almost 
tripled over that with a square end.    A rapid sharpening of the 
trailing edge with total included angle of 90 degrees gave Vise 
to a plate oscillation amplitude of 3.6 times larger than for 
the square trailing edge. 
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D.3    NEAR-WAKE MODIFICATION 
Splitter plates, wide fins, flags, ribbons, base bleed, 
and slits ajre some of the near-wake modifications which result 
in formation of vortices further downstream.    The role of near- 
wake modifications in "alleviating vibrations due to vortex shed- 
ding is to force the vortex formation region farther downstream. 
"Even the most effective means like long 
splitter plates do not inhibit vortex 
shedding but forces it to occur downstream 
from the body.    The mechanism'of vortex- 
street generation, it appears, can be 
delayed and weakened, but never totally 
destroyed."* 
Many investigations have been carried out using a number of 
different means of near-wake modification which have been able 
to successfully attenuate the organized oscillations developing 
immediately downstream of a bluff cylindrical body.    A few of 
these investigators along with the technique they used are as 
follows:    1) Apelt et al.  (1975), Sallet (1979)-splitter plate; 
2) Blevins  (1979)-flags; 3) Bearman (1966), Wood (1967)-base 
bleed.    The use of splitter plates and base bleed appear to be 
the most common and effective techniques employed for elongation 
of the vortex formation length. 
Rockwell  (1983) Chapter 6, section 6.2.2, pp. 330. 
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D.4 SURFACE AND NEAR SURFACE MODIFICATION 
One more effective method of attenuating vortex shedding is 
surface modification. Helical strakes and wires, rods, studs, 
and narrow fins have commonly been used to investigate the 
effect of surface modification on vortex shedding. Many results 
are cited in the literature (e.g. references [46], [69], [83], 
and [88]) which reveal surface modifications can reduce the 
vortex shedding amplitude, however, this reduction is not always 
guaranteed. Results obtained for surface modifications, parti- 
cularly those obtained for narrow fins appear to be the most 
attractive. From review of some of these results it appears 
that if spanwise spacing of the fins is "right" an effective 
attenuation can be achieved (see Novak, 1966). However, small 
deviations from the optimum spacing can increase rather than 
attenuate the relative amplitude of oscillation (Ruschewegh, to 
be published). 
The above modification technique helps break the separating 
flow into spanwise cells by generating streamwise vorticity along 
the span of the cylinders. The present visualization data in 
the vicinity of the circular trailing edge (both the primary 
testplate of Appendix A and the main test section) reveal that 
the cellular spanwise structures distort the core of the primary 
vortices. Thus, the formation of streamwise vorticity with an 
organized spanwise behavior appears to be important in reducing 
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the coherency, and thus the strength of the Strouhal vortices. 
If the approaching boundary layer is turbulent, this organized 
spahwise vorticity is already present (low-speed streaks), thus 
causing the primary Strouhal  vortices encountered in the turbu- 
lent wakes to be less coherent than those observed in the laminar 
wakes. 
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APPENDIX E: Selected Experimental data 
Selected results from the hot-film anemometry measurements 
are presented in this appendix. These results are to provide 
an easier access to the actual experimental data than the corre- 
sponding plots presented in chapters three and four. Note that 
not all pne  data given here are plotted in the results sections. 
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u/Uo 
right wall  left wall y/6 
u/UQ 
right wall  left wall y/6 
7.4000E-02 7.2200E-02 3.5700E-03 6.1760E-01 6.4940E-01 2.1429E-01 
1.0150E-01 l.OOOOE-01 5.7100E-03 6.3360E-01 6.6280E-01 2.2857E-01 
1.3560E-01 1.0300E-01 7.1400E-03  " 6.5070E-01 6.7200B-01 2.4286E-01 
1.8580E-01 1.1000E-01 1.0710E-02 6.6440E-01 6.8110E-01 2.5714E-01 
2.4940E-01 1.5560E-01 1.4280E-02 6.7400E-01 6.9480E-01 2.7143E-01 
2.9560E-01 2.2100E-01 1.7860E-02 6.8370E-01 7.0280E-01 2.8571E-01 
3.4050E-01 2.8800E-01 2.1430E-02 7.0320E-01 7.2900E-01 3.2143E-01 
3.7120E-01 3.4030E-01 2.5000E-02 7.3260E-01 7.4700E-01 3.5714E-01 
3.9110E-01 3.8110E-01 2.8570E-02 7.4720E-01 7.7980E-01 3..9286E-01 
4.0530E-01 4.1500E-01 3.2140E-02 7.7140E-01 7.9970E-01 4.2857E-01 
4.2320E-01 4.3200E-01 3.5700E-02 7.8730E-01 8.2100E-01 4.6429E-01 
4.4390E-01 4.4900E-01 4.2860E-02 8.0620E-01 8.3230E-01 5.0000E-01 
4.6910E-01 4.8320E-01 5.0000E-02 8.2390E-01 8.5610E-01 5.3571E-01 
4.8310E-01 4.9600E-01 5.7140E-02 8.4590E-01 8.7230E-01 5.7143E-01 
4.9750E-01 5.1560E-01 6.4290E-02 •8.6250E-01 8.8580E-01 6.O714E-01 
5.0320E-01 5.3100E-01 7.8570E-02 8.7480E-01 9.0550E-01 6.4286E-01 
5.2170E-01 5.4650E-01 8.5710E-02 8.9030E-01 9.1530E-01 6.78 57E-01 
5.2900E-01 5.5140E-01 l.OOOOE-01 9.0280E-01 9.2440E-01 7.1429E-01 
5.4400E-01 5.6410E-01 1.0714E-01 9.2000E-01 9.3270E-01 7.5000E-01 
5.5400E-01 5.7320E-01 1.2143E-01 9.3250E-01 9.3960E-01 7.8571E-01 
5.6450E-01 5.8200E-01 1.2857E-01 9.3810E-01 9.4640E-01 8.2143E-01 
5.7000E-01 5.9070E-01 1.3571E-01 9.4020E-01 9.5170E-01 8.5714E-01 
5.8510E-01 6.0900E-01 1.5714E-01 9.4510E-01 9.5260E-01 8.9286E-01 
5.9760E-01 6.1450E-01 1.7143E-01 9.4940E-01 9.5320E-01 9.2857E-01 
6.1020E-01 6.2770E-01 1.8571E-01 
Table E.l    Experimental data, boundary layer profiles of mean 
velocity prior to separation at x=-2.0 of the sharp 
trailing edge (refer to figure 3.1). 
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u/U> u/U, u/U 
x=0.0 x=1.0 x=2.0 
0. .6920E-01 O.OOOOE+00 4. ■7310E-01 0. OOOOE+00 5.1100E-01 0.OOOOE+00 
1. .0380E-01 7.8000E-03 4. .7000E-01 7. 8000E-03 5.2790E-01 7.8000E-03 
1. .9060E-01 1.5630E-02 4. .7240E-01 1. i5630E^02 5.2550E-01 1.563QE-02 
2. .7170E-01 2.3440E-02 4. •7670E-01 2. 3440E-02 5.2730E-01 2.3440E-02 
3. .2050E-01 3.1250E-02 4. .8230E-01 3. 1250E-02 5.2430E-01 3.1250E-02 
3. .5480E-01 3.9060E-02 4. .9730E-01 4. 6880E-02 5.2790E-01 3.9060E-02 
3. .8000E-01 4.6880E-02 5. .1800E-01 6. ■2500E-02 5.3410E-01 "4.6880E-02 
4. .2200E-01 6.2500E-02 5. .3630E-01 9. .3750E-02 5.3820E-01 6.2500E-02 
4. .4730E-01 ' 7.8130E-02 5. .5840E-01 1. .2500E-01 5.4130E-01 7.8130E-02 
4. .6170E-01 9.3750E-02 5. .9230E-01 1. .8750E-01 5.4970E-01 9.3750E-02 
4. .7870E-01 1.0938E-01 6. .1770E-01 2. ,5000E-01 5.5640E-01 1.0938E-0I 
4. .9800E-01 1.2500E-01 6. .8100E-01 3. .7500E-01 5.6330E-01 1.2500E-01 
5. .2630E-01 1.5625E-01 7. .3400E-01 5. ■0000E-01 5.8060E-01 1.5625E-01 
5. .4200E-01 ' 1.8750E-01 7, .7380E-01 6. .2500E-01 5.8390E-01 1.8750E-01 
5. .5740E-01 2.1875E-01 8, .1650E-01 7. .5000E-01 6.0560E-01 2.1875E-01 
5. .7770E-01 2.5000E-01 8. .4500E-01 8. .7500E-01 6.2420E-O1 2.5000E-01 
6. .1000E-01 3.1250E-01 8. .8300E-01 1. .OOOOE+OO 6.5280E-01 3.1250E-01 
6. .4060E-01 3.7500E-01 9, .3370E-01 1. .2500E+00 6.8200E-01 3.7500E-01 
6. .7230E-01 4.3750E-01 9, .5630E-01 1. .5000E+00 7.0870E-01 4.3750E-01 
6. .9300E-01 5.0000E-01 9, .6O20E-01 1. .7500E+00 7.3540E-01 5.0000E-01 
7. .4570E-01 6.2500E-01 9. .6270E-01 2. .OOOOE+OO 7.8560E-01 • - 6.2500E-01 
7. .9450E-01 7.5000E-01 9. .6550E-01 2. .2500E+00 8.2890E-01 7.5000E-01 
8. .3810E-01 8.7500E-01 9, .6650E-01 2. .5000E+00 8.7630E-01 8.7500E-01 
8. .6950E-01 1.OOOOE+OO 9, .6750E-01 2, .7500E+00 9.0550E-01 1.OOOOE+OO 
9. .2430E-01 1.2500E+00 9, .7360E-01 3. .OOOOE+OO 9.3770E-01 1.1250E+00 
9. .5600E-01 1.5000E+00 9, .7630E-01 3, . 2500E+00 9.5240E-01 1.2500E+00 
9, .6390E-01 1.7500E+00 9, .7220E-01 3. .5000E+00 9.672aE-01 1.5000E+00 
9. ■6430E-01 2.0000E+00 9 .7900E-01 3, .7500E+00 9.6650E-01 1.7500E+00 
9, .6570E-01 2.2500E+00 9 .9300E-01 4 .OOOOE+OO 9.6960E-01 2.OOOOE+OO 
9, .6700E-01 2.5000E+00 1. .OOOOE+00 4. .5000E+00 9.6220E-01 2.2500E+00 
9, .7340E-01 2.7500E+00 9.6410E-01 2.5000E+00 
9. .7770E-01 3.0000E+00 9.7290E-01 2.7500E+00 
9, .7760E-01 3.2500E+00 9.7470E-01 3.OOOOE+OO 
9. .7460E-01 3.5000E+00 9.7470E-01 3.2500E+00 
9, .8000E-01 3.7500E+00 9.7790E-01 3.5000E+00 
9, .8650E-01 4.0000E+00 9.8760E-01 3.7500E+00 
1. .ooooE+nn 4_5O00E+00 9.9700E-01 
1.OOOOE+OO 
4.OOOOE+00 
4.5000E+00 
Table E.2    Experimental  data, mean velocity profile in the wake of 
the sharp trailing edge (refer to figure 3.2). 
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u/U, u/U u/U, 
x=4.0 x=8.0 x=12.0 
5.9120E-01 O.OOOOE+OO 6, .2140E-01 O.OOOOE+OO 6. .6980E-01 0. .OOOOE+OO 
6.0330E-01 6.2500E-02 6. .2420E-01 1.2500E-01 6. ,a240E-01 
.6030E-01 
2, .5000E-01 
6.2210E-01 . 1.2500E-01 6, .5250E-01 2.5000E-01 7. 5. .000OE-01 
6.4170E-01 1.8750E-01 6. .7800E-01 3.7500E-01 8. .049OE-01 7, .5000E-01 
6.6590E-01 2.500'OE-Ol 7. .1900E-01 5.0000E-01 8. .6660E-01 1. .OOOOE+OO 
6.8980E-01 3.1250E-01 7, .5160E-O1- 6.2500E-01 9, .1110E-01 1. .2500E+00 
7.0850E-01 3.7500E-01 7. .9590E-01 7.5000E-01 9. .5530E-01 1. .5000E+00 
7.2680E-01 4.3750E-01 8. .3070E-01 8.7500E-01 9. .7000E-01 1. .7500E+00 
7.4740E-01 5.0000E-01 8. .6230E-01 l.OOOOE+OO 9. .7600E-01 2. .OOOOE+OO 
7.9900E-01 6.2500E-01 9. .2260E-01 1.2500E+00 9. .8080E-01 2. .2500E+00 
8.4190E-01 7.5000E-01 9, .6570E-01 1.5000E+00 9. .8650E-01 2. .5000E+00 
8.7500E-01 8.7500E-01 9. ►7350E-01 1.7500E+00 9. .8840E-01 2. .7500E+00 
8.8370E-01 l.OOOOE+OO 9. .7600E-01 2.OOOOE+OO 9. .8500E-01 3. .OOOOE+OO 
9.4680E-01 1.2500E+00 9. .7320E-01 2.2500E+00 9. .8710E-01 3, .2500E+00 
9.6350E-01 1.5000E+00 9. .7300E-01 2.5000E+00 9. ■8320E-01 3. .5000E+00 
9.6430E-01 1.7500E+00 9, .7430E-01 2.7500E+00 9. ■8450E-01 3- .7500E+00 
9.6580E-01 2.0O0OE+O0 9, .7700E-01 3.OOOOE+OO 9. .9990E-01 4. .OOOOE+OO 
9.6310E-01 2.2500E+00 9, .8040E-01 3.2500E+00 1. ,OOOOE+OO 4. .5000E+00 
9.6 270E-01 2.5000E+00 9. .7430E-01 3.5000E+00 
9.6330E-01 2.7500E+00 9. . 7830.E-01 3.7500E+00 
9.6330E-01 3.0000E+00 9. .8310E-01 4.OOOOE+OO 
9.6650E-01 3.2500E+00 1. .OOOOE+OO 4.5000E+00 
9.7370E-01 3.5000E+00 
9.8150E-01 3.7500E+00 
9.8940E-01 4.0000E+00 
l.OOOOE+OO 4.5000E+00 
Table E.2 - cont. 
•209- 
4rms /U, 
x=0.0 
'rms /U, 
x=1.0 
4
 rms /Ur 
x=2.0 
2.3250E+00 0.OOOOE+00 7.2700E+00 0.0000E+00 '5.7800E+00 0. 0000E+00 
5.OOOOE+00 7.8000E-03 6.9940E+00 7.8000E-03 6.0780E+00 7. 8000E-03 
9.7330E+00 1.5630E-02 7.5070E+00 1.5630E-02 5.9420E+00 I. 5630E-02 
1.0920E+01 2.3440E-02 7.6810E+00 2.3440E-02 5.9450E+00 2. 3440E-02 
1.1306E+01 3.1250E-02 7.715OE+00 3.1250E-02 6.1660E+00 3. 1250E-02 
1.1218E+01 ' 3.9060E-02 7.9150E+00 4.6880E-02 6.1100E+00 3. 9060E-02 
1.0610E+01 4.6880E-02 7.8340E+00 6.2500E-02 6.3930E+00 4. 6880E-02 
1.0467E+01 6.2500E-02 8.0620E+00 9.3750E-02 6.6470E+00 6. 2500E-02 
1.0160E+01 7.8130E-02 8.3070E+0O 1.2500E-01 6.8150E+00 9. .3750E-02 
9.3850E+00 9.3750E-02 8.3590E+00 1.8750E-01 7.1640E+00 1. 2500E-0 1 
9.2700E+00 1.0938E-01 7.6070E+00 2.5000E-01 7.6700E+00 1. ■5625E-01 
8.9580E+00 1.2500E-01 7.3130E+00 3.7500E-01 8.0670E+00 1. 8750E-01 
8.4830E+00 1.5625E-01 6.5400E+00 5.0000E-01 8.0980E+00 2. 1875E-01 
8.8980E+00 1.8750E-01 6.0900E+00 6.2500E-01 8.1850E+00 2. .5000E-01 
9.0260E+00 2.1875E-01 5.3220E+00 7.5000E-01 8.0250E+00 3. .1250E-01 
8.6230E+00 2.5000E-01 4.7000E+00 8.7500E-01 8.1060E+00 3. 7500E-01 
8.5430E+00 3.1250E-01 4.0650E+00 1.0000E+00 8.1930E+O0 4. 3750E-01 
8.7700E+00 3.7500E-01 2.4600E+00 1.2500E+00 7.3400E+00 5. ,0000E-01 
8.4740E+00 4.3750E-01 1.6450E+00 1.5000E+00 7.2000E+00 6. ,2500E-01 
8.1630E+00 5.0000E-01 6.6300E-01 1.7500E+00 6.1200E+00 7, •5000E-01 
7.1800E+00 6.2500E-01 4.5000E-01 2.0000E+00 5.6600E+00 8. .7500E-01 
6.9600E+00 7.5000E-01 3.6900E-01 2.2500E+00 4.4200E+00 1. .0000E+00 
6.3800E+00 8.7500E-01 4.2300E-01 2.5000E+00 3.1600E+00 1 .1250E+00 
5.3900E+00 1.0000E+00 3.4000E-01 2.7500E+00 2.3810E+00 1 .2500E+00 
5.0870E+00 1.1250E+00 2.7200E-01 3.0000E+00 1.1150E+00 1. .5000E+00 
3.7040E+00 1.2500E+00 4.7700E-01 3.2500E+00 1.0100E+00 1 .7500E+00 
1.9500E+00 1.5000E+00 3.9200E-01 3.5000E+00 9.6600E-01 2 .OOOOE+00 
1.0700E+00 1.7500E+00 3.4100E-01 3.7500E+00 9.2000E-01 2 .2500E+00 
7.1700E-01 2.0000E+00 3.2400E-01 4.0000E+00 6.9400E-01 2 .5000E+00 
6.3000E-01 2.2500E+00 3.3800E-01 4.5000E+00 6.6200E-01 2 .7500E+00 
5.8000E-01 2.5000E+00 7.2700E-01 3 .0000E+00 
5.4600E-01 2.7500E+00 7.7700E-01 3 .2500E+00 
5.1200E-01 3.0000E+00 6.6500E-01 3 .5000E+00 
5.2300E-01 4.5000E+00 7.8700E-01 
6.3400E-01 
7.1900E-01 
3 
4 
4 
.7500E+00 
.OOOOE+00 
.5000E+00 
Table E.3 Experimental data, turbulence intensit ;y profiles in 
the wake of the sharp trailing edge (refer to figure 
3.6). 
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u
rms/Uo" 
Y 
rms' o ^ 
Y u  /U 
rms' o 
Y 
x= 4.0 <x= '8.0 x=12 !.0 
5.0390E+00 0.0000E+00 5.0780E+00 0.0000E+00 4.3830E+00 0.0000E+00 
4.9420E+00 1.5630E-02 4.5450E+00 1.5630E-02 4.1270E+00 1.5630E-02 
4.7870E+00 3.1200E-02 4.5220E+00 3.12O0E-02 4.4430E+00 3.1250E-02 
5.4400E+00 4.6880E-02 4.9930E+00 4.6880E-02 4.5770E+00 4.6880E-02 
5.1880E+00 6.2500E-02 4.6130E+00 6.2500E-02 4.4640E+00 6.2500E-02 
5.1370E+00 7.8140E-02 4.4600E+00 9.3800E-02 4.4060E+00 9.3750E-02 
5.5020E+00 9.3800E-02 5.1730E+00 1.2500E-01 4.6900E+00 1.2500E-01 
5.6210E+00 1.0938E-01 5.5310E+00 1.8750E-01 5.6660E+00 1.8750E-01 
6.1520E+00 1.2500E-01 5.8650E+00 2.5000E-01 5.9740E+OO 2.5000E-01 
6.1940E+00 1.5625E-01 6.3700E+00 3.7500E-01- 6.3040E+00 3.7500E-01 
6.3160E+00 1.8750E-O1 6.8660E+00 5.0000E-01 6.6470E+00 5.0000E-01 
6.6620E+00 2.1875E-01 6.7260E+00 6.2500E-01 6.8300E+00 7.5000E-01 
6.7420E+00 2.500OE-O1 6.7620E+00 7.5000E-01 6.1300E+00 1.0000E+00 
6.9150E+00 3.1250E-01 6.1650E+00 8.7500E-01 4.1170E+00 1.2500E+00 
6.9870E+00 3.7500E-01 5.8330E+00 l.OOOOE+OO 2.9540E+00 1.5000E+00 
7.2200E+00 4.3750E-01 '4.2750E+00 1.2500E+00 7.4200E-01 1.7500E+00 
7.1810E+00 5.0000E-01 2.3040E+00 1.5000E+00 5.9400E-01 2.0000E+00 
6.8510E+00 6.2500E-01 9.8900E-01 1.7500E+00 7.2000E-01 2.2500E+00 
5.8400E+00 7.5000E-01 7.8300E-01 2.0000E+00 6.9600E-01 2.5000E+00 
5.0550E+00 8.7500E-01 5.9500E-01 2.2500E+00 5.7800E-01 2.7500E+00 
4.3720E+00 1.0000E+00 5.6700E-01 2.5000E+00 4.6000E-01 3.0000E+00 
2.0630E+00 ■ 1.2500E+00 5.3900E-01 2.7500E+00 5.8600E-01 3.2500E+00 
1.1050E+00 1.5000E+00 4.4600E-01 3.0000E+00 6.0100E-01 3.5000E+00 
6.9300E-01 1.7500E+00 5.2900E-01 3.2500E+00 4.1600E-01 3.7500E+00 
7.2000E-01 2.0000E+00 5.6500E-01 3.5000E+00 4.3200E-01 4.0000E+00 
6.4100E-01 2.25O0E+O0 3.4000E-01 3.7500E+00 4.0800E-01 4.5000E+00 
5.6000E-01 2.5000E+00 3.5800E-01 4.00OOE+OO 
5.3200E-01 2.7500E+00- 3.6500E-01 4.5000E+00 
5.2500B-01 3.0000E+00 
4.4900E-01 3.2500E+00 
5.0500E-01 3.5000E+00 
5.3300E-01 3.7500E+00 
5.1900E-01 4.0000E+00 
3.8800E-01 4.5000E+00 
Table E.3 - cont. 
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V, xU /v T; Uq./UT xUT/v 
2.4372E+00 1.66«7E+01 1.4895E+01 5.3333E+02 
4.0641E+00 3.3333E+01 1.5-495E+01 6.6667E+02 
5.5522E+00 5.0000E+01 1.5973E+01 8.0O0OE+02 
6i6969E+00 6.6667E+01 1.6281E+01 9.3333E+02 
7.9625E+00 8.3333E+01 1.6769E+01 1.0667E+03 
8.6759E+00 1.0000E+02 1.7680E+01 1.6000E+03 
9.4881E+00 1.1667E+02 1.8385E+01 2.1333E+03 
1.0087E+01 1.3333E+02 1.9'OOOE+Ol 2.6667E+03 
1.1001E+01 1.6667E+02 1.9514E+01 3.2000E+03 
1.1811E+01 2.0000E+02 1.9899E+01 3.7333E+03 
1.2434E+01 2.3333E+02 2.0274E+01 4.2667E+03 
1.2899E+01 2.6667E+02 2.0560E+01 4.8000E+03 
1.3423E+01 3.3333E+02 2.0848E+01 5.3333E+03 
1.4101E+01 4.0000E+02 2.1123E+01 5.8667E+03 
1.4495E+01 4.6667E+02 2.1277E+01 6.4000E+03 
Table E.4 Experimental data, the sharp trailing edge center- 
line mean velocity profile (refer to figure 3.4). 
u/U0 u/l Jo 
right wall left wall y/6 right wall left wall y/s 
1.3700E-01 2.0100E-01 5.0000E-03 7.2800E-01 7.4200E-01 1.7000E-01 
1.4100E-01 2.7600E-01 8.0000E-03 7.3500E-01 7.4600E-01 1.8000E-01 
1.9000E-01 3.2800E-01 1.0000E-02 7.4200E-01 7.5100E-01 1.9000E-01 
2.2000E"-01 4.2000E-01 1.5000E-02 7.5300E-01 7.6000E-01 2.0000E-01 
2.8300E-01 4.9200E-01 2.0000E-02 7.6000E-01 7.7100E-01 2.2000E-01 
3.5Q00E-01 5.1000E-01 2.5000E-02 7.7000E-01 7.7800E-01 2.4000E-01 
4.5600E-01 5.4300E-01 3.0000E-02 7.8200E-01 7.8400E-01 2.6000E-01 
5.3000E-01 5.7500E-01 3.5000E-02 7.9500E-01 7.9000E-01 2.8000E-01 
5.5700E-01 6.0000E-01 4.0000E-02 8.0500E-01 7.9600E-01 3.0000E-01 
5.7000E-01 6.0700E-01 4.5000E-O2 8.1300E-01 8.0100E-01 3.2000E-01 
5.8800E-01 6.1400E-01 5.0000E-02 8.1800E-01 8.1400E-01 3.4000E-01 
6.1000E-01 6.2300E-01 5.5000E-02 8.3000E-01 8.2500E-01 3.6000E-01 
6.280OE-01 6.3000E-01 6.0000E-02 8.4000E-01 8.3600E-01 3.8000E-01 
6.3900E-01 6.4400E-01 6.5000E-02 8.3800E-01 8.3900E-01 4.0000E-01 
6.5100E-01 6.5000E-01 7.0000E-02 8.5000E-01 8.6900E-01 4.5000E-01 
6.6000E-01 6.5500E-01 7.5000E-02 8.6500E-01 8.8700E-01 5.0000E-01 
6.6600E-01 6.6400E-01 8.0000E-02 8.8500E-01 9.0000E-01 5.5000E-01 
6.7400E-01 6.7000E-01 8.5000E-02 9.0000E-01 9.1200E-01 6.0000E-01 
6.7700E-01 6.7400E-01 9.0000E-02 9.2000E-01 9.2000E-01 6.5000E-01 
6.7800E-01 6.7200E-01 9.5000E-02 9.2300E-01 9.2500E-01 7.0000E-01 
6.8200E-01 6.7800E-01 1.0000E-01 9.3800E-01 9.4500E-01 7.5000E-01 
6.8800E-01 6.9000E-01 1.1000E-01 9.5700E-01 9.6300E-01 8.0000E-01 
6.9400E-01 7.0000E-01 1.2000E-01 9.6500E-01 9.7600E-01 8.5000E-01 
7.0200E-01 7.1500E-01 1.3000E-01 9.7000E-01 9.9250E-01 9.0000E-01 
7.0800E-01 7.2400E-01 1.4000E-01 9.7300E-01 1.0000E+00 9.500OE-01 
7.1400E-01 7.2600E-01 1.5000E-01 
7.2600E-01 7.3700E-01 1.6000E-O1 
ible E.5 E; xperimental data, boundary layer profiles of mean velo- 
city prior to separation at X=-3.0 of the1 round trail' 
ing edge (refer to figure 4.1a). 
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u/U0 u/U0 u/Uo 
Y x = 4.0 x = 8.0 . x = 12.0 
0. ,0000E+00 6.7870E-01 8.0630E-01 8. .1730E-01 
2. , 5000E-01 6.9220E-01 8.1180E-01 8, .2670E-01 
5. .OOOOE-01 7.3010E-01 8.1670E-0] 8. .2350E-0] 
7. .5000E-01 7.8130E-01 8.3650E-01 8. .3000E-01 
1, .OOOOE+00 8.2920E-01 8.5020E-01 8. .5400E-01 
1, .2500E+00 8.6850E-01 8.8600E-01 8. .7410E-0] 
1. .5000E+00 8.9420E-01 9.1350E-01 8. .8800E-01 
1. .7500E+00 9.1500E-01 9.3170E-01 9, .2320E-0] 
2. . OOOOE+00 9.3100E-0J 9.4230E-01 9. .5360E-01 
2. .2500E+00 9.5410E-01 9.5820E-01 9. .7970E-0] 
2. .5000E+00 9.5910E-01 9.6780E-01 9. .8730E-01 
2, .7500E+00 9.6200E-01 9.7250E-0] 9, .8460E-01 
3. .OOOOE+00 9.6500E-01 9.7500E-01 9. .8450E-01 
3, .2500E+00 9.7000E-01 9.8230E-01 9. .8310E-0] 
3. .5000E+00 9.7400E-01 9.8100E-0) 9. . 8700E-0-] 
3. 7500E+00 9.8000E-01 9.8600E-01 9-. .9070E-01 
4. .OOOOE+00 9.8350E-01 9.9100E-01 1. .OOOOE+OO 
4, .5000E+00 1.OOOOE+00 l.OOOOE+OO 1. .OOOOE+00 
Table E.6    Experimental data, mean velocity profile in the 
wake of the round trailing edge.   (Refer to 
figure 4.2) 
l 'rms/U0 urms/^o urms/uo 
X = 4.0 X = S.O X = 12.0 Y 
1. 6120E+01 1.0450E+01 1.0110E+01 0. OOOOE+OO 
1. 6990E+01 1.1560E+01 1.0730E+01 2. 5000E-0] 
1. 8660E+01 1.2190E+01 1.0700E+01 5. OOOOE-O: 
1. 8200E+01 1.3210E+01 1.0840E+01 7. 5000E-01 
1. .9330E+01 1.4610E+01 1.0560E+01 1. OOOOE+OO 
1. .93O0E+01 1.4530E+01 1.0910E+01 1. 2500E+00 
1. , 5220E + 01 1.4790E+01 1.1140E+01 I. , 5000E+00 
1, .2000E+01 1.4050E+01 1.1740E+01 1. .7500E+00 
9, .8200E+00 1.4560E+01 1.2020E+01 2. .OOOOE+OO 
8 .0200E+00 1.1420E+01 1.1430E+01 2. .2500E+00 
6 .3000E+00 1.0970E+01 1.1110E+01 2. .5000E+00 
4 .7000E+00 8.4600E+00 9.5000E+00 2. .7500E+00 
4 .5200E+00 7.9500E+00 8.9500E+00 3. .OOOOE+OO 
3 .3500E+00 6.4100E+00 6.9500E+00 3. .2500E+00 
2 .8800E+00 5.6000E+00 6.0900E+00 3, .5000E+00 
2 •5700E+00 4.0500E+00 5.9100E+00 3 .7500E+00 
2 .2100E+00 3.0200E+00 4.4200E+00 4 .OOOOE+OO 
1 .5800E+00 1.920OE+00 3.5500E+00 4 .50O0E+OO 
Table E.7    Experimental  data,  turbulence intensity pro- 
files in the wake of the round trailing edge. 
(Refer to figure 4.4). 
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